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ABSTRACT 
 
A major shift in water disinfection has been happening over the past few years 
from chlorination to chloramination. Chloramination is considered advantageous to 
chlorination due to the decreased formation of hazardous disinfection byproducts (DBPs) 
that are regulated by the Environmental Protection Agency (EPA) under the 
Disinfectants/Disinfection By-Products Rule.  Despite the advantage of chloramination in 
generating less DBPs, unexpected increases in lead concentrations have recently been 
uncovered and receiving intensive attention. Because lead is neurologically toxic, 
research is needed to investigate the mechanisms involved in lead corrosion in such 
systems and to develop counteractive approaches. Currently, there is a very poor 
understanding of this problem.  While few studies are being conducted to examine how 
lead leaches into drinking water systems, not enough experimental information is 
available on the involvement of biotic and abiotic factors in this process.   
The objective of this thesis was to examine the impacts of biotic (particularly 
nitrifying bacteria) and abiotic factors (nitrate, nitrite, bicarbonate, sulfate, calcium, and 
chloride, with and without oxygen present) in drinking water distribution systems on the 
lead corrosion process.  
The effect of nitrifying bacteria on lead corrosion was examined in this study. 
Significant lead corrosion occurred in a biotic treatment with a freshly cleaned lead 
coupon. Lead corrosion in the biotic treatment was primarily attributed to the 
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development of a lower pH (as a result of ammonia bio-oxidation to nitrite) compared to 
the abiotic treatments, and the pH stayed lower through the end of experiment. 
Hypothesized lead corrosion factors provided by nitrification (i.e., the presence of nitrate, 
nitrite) were also imposed under aerobic conditions in this study. The presence of 2 ppm 
(as N) nitrate and nitrite increased lead corrosion in tap water.  Abiotic denitrification of 
nitrate to nitrite, as well as further reduction of nitrite, and increasing pH occurred 
concurrently with lead corrosion. 
Investigations of the effectiveness of nitrate and nitrite on lead corrosion under 
anaerobic and aerobic conditions were performed in this project. Under anaerobic 
conditions, the presence of nitrate (1 ppm as N) slightly increased lead corrosion, while 
lead corrosion increased significantly at nitrate concentration between 2 ppm and 10 ppm 
(as N).  There was no statistically significant difference after 31 days incubation among 
these nitrate treatment. However, under the same conditions, the presence of nitrite (1, 2 
and 5 ppm as N) inhibited lead corrosion in comparison to the DDI water control. Total 
lead concentration was only above the control under anaerobic conditions when the nitrite 
concentration was 10 ppm (as N). Abiotic denitrification of nitrate to nitrite and nitrite 
(presumptively to ammonia) occurred under both aerobic and anaerobic conditions. 
Under aerobic conditions, the presence of nitrate and nitrite did not significantly increase 
lead corrosion, and there were no statistical differences in total lead concentration. 
The impact of several anions and cations (major components in tap water) on lead 
corrosion was also evaluated under aerobic conditions in this study.  High bicarbonate 
(63 ppm), synthetic water (containing bicarbonate 61.6 ppm, sulfate 50.3 ppm, chloride 
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40 ppm, calcium 40.4 ppm and sodium 23 ppm), tap water (containing bicarbonate 17.6 
ppm, sulfate 3.4 ppm, chloride 1.3 ppm, calcium 2.4 ppm and sodium 10.3 ppm) 
significantly inhibited lead corrosion compared with the DDI water control. High 
chloride (40 ppm), sulfate (5.4-48.7 ppm) and calcium (5-40 ppm) decreased lead 
corrosion in comparison to a DDI water control, but were significantly higher than the tap 
water. Low chloride (4.9 ppm) and low bicarbonate (11.6 ppm) significantly increased 
lead corrosion compared to the DDI water control. 
Lead corrosion in drinking water is not only a problem of the past but also of the 
present. In future research, it is recommended that sufficient data be collected to allow 
the construction of an electron balance. This would include measurements of soluble lead 
and all the denitrification products. During the lead corrosion process, lead serves as an 
electron donor and nitrate and nitrite serve as electron acceptors. The results of this thesis 
provide a basis for future research on the role of nitrification in lead corrosion. 
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1. INTRODUCTION AND LITERATURE REVIEW 
1.1 Lead in Drinking Water 
 Lead in public drinking water has been regulated by the United States 
Environmental Protection Agency (USEPA) since 1991 due to its neurological toxicity.  
It is especially damaging to developing fetus and young children (Renner, 2004).  In 
February 2004, the public first learned about the high levels of lead in the drinking water 
in Washington, DC.  The data of the District of Colombia Water and Sewer Authority 
(DCWASA) showed that 74 of 108 samples taken had lead concentrations above the 
USEPA’s lead action level of 15 parts per billion (ppb) (DCWASA 2004). Since then, 
there has been a steady increase in the reported magnitude of this problem. To date, at 
least 157 houses in D.C. have lead levels at the tap higher than 300 ppb, and thousands 
more have exceeded the lead action level (Renner, 2004; USEPA, 2005). The problem 
has received considerable attention, leading to a Congressional investigation, and calls 
for a review of drinking water safety laws and scientific investigations (Cohn, 2004; 
Cohn, 2005; Leonnig, 2004). Several lines of evidence suggest that the switch from 
chlorine to chloramines as the disinfectant in 2000 might have triggered the lead problem 
in Washington, DC (USEPA, 2005), because the DCWASA began to observe increased 
lead concentrations in tap water samples, right after the switch. More recently, it was 
reported by Zhang et al. (2009) that lead contamination in potable water can be caused by 
nitrification. 
With the unfolding of another episode that also occurred in Greenville, NC, this 
conjecture seems to be true (Renner, 2005). High blood lead levels were discovered in 
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two boys in Greenville. This was eventually linked to the drinking water in Greenville 
because the tap water in the home of the boys contained high concentrations of lead. One 
house was reported as having a lead concentration of 400 ppb at the tap (Renner, 2005). 
Like DCWASA, the water treatment plant serving Greenville, NC, switched from 
chlorine to ozone, and began adding chloramines as a secondary disinfectant to its 
distribution system in order to comply with the USEPA’s disinfectant and disinfection 
byproducts rule. The difference between Washington, DC, and Greenville’s lead 
problems is that Greenville has no lead service lines, however, the lead solder appears to 
be the cause of the problem (Renner, 2005). 
 Since the stories in Washington, DC, and Greenville, NC, described above appear 
to be linked to the switch of disinfectant from chlorine to chloramines by the drinking 
water utilities, two questions that emerge are “why and how did the switch in 
disinfectants cause an increase in lead corrosion?”  Therefore, the objective of this 
background section is to briefly review the basics of chlorination and chloramination, 
then to discuss the factors and processes that may have caused the increase in lead 
concentrations observed in Washington, DC, and Greenville, NC.  
1.2 Chlorination and Chloramination 
Chlorine is an effective disinfectant.  The primary forms of chlorine include 
chlorine gas (Cl2) or salts of hypochlorous acid (HOCl) such as sodium hypochlorite 
(NaOCl) and calcium hypochlorite (Ca(OCl)2). Regardless of the form, chlorine produces 
HOCl and OCl- in water, which are the primary agents destroying pathogenic organisms.  
The sum of HOCl and OCl- is known and measured as free chlorine in water.  When free 
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chlorine (HOCl) and ammonia (NH3) are added to water, a series of reactions can occur, 
forming different chloramine species: monochloramine (NH2Cl), dichloramine (NHCl2), 
and trichloramine (NCl3). These three chloramine species constitute the combined 
residual chlorine in water. 
 NH3 + HOCl ↔ NH2Cl + H2O (1.1) 
 NH2Cl + HOCl ↔ NHCl2 + H2O (1.2) 
 NHCl2 + HOCl ↔ NCl3 + H2O (1.3) 
The use of chloramination has gained increasing popularity in the drinking water 
treatment industry in the US during the last two decades because it almost completely 
suppresses trihalomethane formation and reduces haloacetic acid concentrations from 3 to 
30% of the levels observed during chlorination (Karanfil et al., 2008). A recent survey 
characterizing the use of disinfectants by drinking water utilities in the US showed that 
among 363 drinking water utilities, 68% and 29% of the utilities use chlorine and 
chloramines as secondary disinfectant, respectively, and 3% do not use any disinfectant 
(Seidel et al., 2005). It is very likely that the use of chloramination will continue to 
increase in coming years as more stringent regulations are imposed for trihalomethanes 
(THMs) and haloacetic acids (HAAs) which are major disinfection by-products (DBPs) 
under USEPA’s Stage 2 D/DBP Rule. 
Unfortunately, there are several drawbacks associated with using chloramination.  
First, NH2Cl is not as strong a disinfectant as free chlorine. The potency of free chlorine 
to chloramines is 200:1 (AWWA, 1999). Another major concern is nitrification caused by 
the growth of ammonia-oxidizing bacteria (AOB) in the distribution system.  AOB use 
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ammonia as an energy source, converting ammonia to nitrite. Systems that practice 
chloramination are susceptible to nitrification because a small amount of ammonia is 
always present. Furthermore, decomposition of chloramines results in higher ammonia 
loadings to drinking water distribution systems. The occurrence of nitrification in a 
distribution system can have adverse operational, regulatory, and public health effects. 
The MCL for nitrate is 10 ppm and nitrite is 1 ppm. Nitrite speeds the decomposition of 
the chloramine residual, the disappearance of which can increase heterotrophic plate 
count bacteria and coliforms. Reduced residual levels may cause a utility to violate 
requirements for residual disinfectant. According to previous study (Wilczak et al., 1996), 
“An estimated two-thirds of medium and large systems in the U.S. that chloraminate 
experience nitrification to some degree. One-third of these systems have nitrification 
occurring to the degree that it causes operational problems. The other one-third likely has 
nitrification occurring, but to a lesser degree that is not a major problem."   
1.3 Lead Corrosion and Chloramination 
High lead levels in water systems such as those in Washington, DC, and 
Greenville, NC, both of which use chloramination, has raised concerns that this method 
of disinfection is associated with lead corrosion.  Several theories that have been 
proposed to explain the possible link between chloramination and lead corrosion are 
described in this section.  
There is a long history of research documenting the effects of chloramines on lead 
leaching in distribution systems.  Attack of chloramines on brass, an alloy of copper, zinc, 
lead, and other trace constituents, was reported as early as the 1950s (Larson, 1975).  
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However, the results from these early studies and the observations from Washington, DC, 
and Greenville, NC, are somewhat contradictory.  
Theoretical analyses performed in several investigations for evaluation of the 
thermodynamic stability of metals including lead in drinking water suggested that the use 
of chloramines for disinfection could reduce the amount of lead corrosion in distribution 
systems (Larson et al., 1956; LeChevallier et al., 1993; Pisigan and Singley, 1987). 
Reiber (1993) compared the effect of chloramines and free chlorine on distribution 
system materials, but observed no significant adverse impact with chloraminated water 
on the corrosion of copper, brass, bronze, and soldered joints. Lin et al. (1997) used 
Potomac River water, which is the source water for Washington, DC, to study the 
corrosion of lead, copper-lead solder, and brass in waters disinfected with free chlorine 
and chloramines in bench-scale reactors.  Interestingly, significantly lower levels of lead 
(by a factor of two to three) were observed with chloraminated versus chlorinated water 
in tests using pure lead coupons and copper-lead solders.  In contrast, when brass was 
tested, more lead was released in chloraminated water, but the overall corrosion rates of 
brass were significantly lower than that of pure lead coupons or copper-lead solders.  The 
results of Lin et al. (1997) were confirmed by Edwards and Dudi (2004), who also tested 
lead corrosion using Potomac water.  They showed that chloramines sometimes caused 
significantly elevated lead leaching from brass in comparison with free chlorine, but new 
lead pipe was not significantly affected.  Additionally, it was found that chlorine reacts 
with soluble lead and forms a red-brown precipitate, which was insoluble even at very 
low pH, raising questions about the bioavailability of the lead solids formed. 
  
6 
 
While these previous studies largely suggest that chloramines do not cause serious 
lead corrosion problems in drinking water systems relative to free chlorine, the 
circumstances surrounding the high lead concentrations seen in Washington, DC, and 
Greenville, NC, suggest otherwise.  Several theories have been proposed to explain the 
discrepancy. 
Schock and colleagues proposed that the high lead concentrations in the 
Washington, DC, area may be caused by the dissolution of mineral scales that contain 
lead minerals (Schock, 1989; Schock et al., 2001).  It is generally assumed that the 
minerals that occur in water pipe scales are Pb(II) minerals because lead exists as Pb2+ in 
natural water.  However, Schock and co-workers found that PbO2 can form inside service 
lines when water systems use chlorine for disinfection.  The presence of HOCl in water 
maintains a high oxidation potential, resulting in formation of insoluble lead dioxide on 
the lining of water pipes. When chloramines are formed in water, the chemistry of the 
water significantly changes and the oxidizing potential of the water decreases.  As a 
result, the PbO2 scales on the pipes start to dissolve, thereby raising the lead 
concentration at the consumer’s tap.  It is likely that PbO2 solids were not present on the 
lead pipes or coupons used in previous research or on new lead pipes (i.e., without 
previous contact with chlorine), thus explaining why no significant impact of chloramines 
was observed. 
While the scale-dissolution theory is able to explain the high lead levels in 
Washington, DC, where lead pipes were used, the Greenville case is puzzling because 
lead service lines were not used.  To this end, the galvanic corrosion hypothesis has 
  
7 
 
provided another explanation (Dudi, 2004; Edwards and Dudi, 2004). According to this 
theory, high lead levels may have resulted from galvanic corrosion, which occurs when 
lead materials are galvanically coupled to copper pipes.  Although lead is normally 
protected when connected to copper, Dudi (2004) recently showed that the presence of 
chloramines could change the water chemistry and make brass anodic when coupled with 
copper.  Consequently, lead corrosion could be significantly accelerated.  
In addition to the two abiotic corrosion mechanisms discussed above, there is a 
third possibility: nitrifying bacteria in chloraminated system may play an important role 
in lead corrosion, as will be described in next section.  
1.4 Potential Effects of Nitrification on Lead Corrosion 
One major concern associated with chloramination in distribution systems is the 
occurrence of nitrification.  Nitrification is a well-understood microbial process including 
two steps in which AOB and nitrite-oxidizing bacteria (NOB) mediate the oxidation of 
ammonia to nitrite and nitrite to nitrate, respectively, for energy production(USEPA, 
2005; Wolfe et al., 1990; Wolfe et al., 1988). AOB and NOB are autotrophs and do not 
need organic carbon for growth; instead, they use CO2 as their sole carbon source.  The 
equations below are the overall stoichiometric equations for AOB and NOB, respectively; 
biosynthesis is neglected because the growth yields for these bacteria are relatively low 
(Grady et al., 1999):  
 AOB:  2NH4+ + 3O2 = 2NO2- + 2H2O + 4H+ (1.4) 
 NOB:  2NO2- + O2 = 2NO3- (1.5) 
  
8 
 
While many studies have evaluated the impact of nitrification on decomposition 
of the chloramine residual in distribution systems (Harrington et al., 2002; Wilczak et al., 
1996), no study has examined the potential impact of nitrification on lead leaching from 
pipe materials.  Based on the current understanding of nitrification and lead corrosion 
chemistry, it is conceivable that nitrifying bacteria are involved in lead corrosion via 
three different mechanisms: 
First, AOB can significantly reduce the pH of the environment in which they live, 
due to production of protons during their growth (as indicated by reaction 1.4).  Such 
change in “local” water chemistry (i.e., on pipe surfaces where a nitrifying biofilm is 
located) may affect the corrosion of lead in service lines and residential plumbing, 
thereby increasing the lead concentration in drinking water.  The Eh-pH diagram in 
Figure 1.1 shows that when the Eh level is above 0, a decrease in pH to below 8 has a 
tendency to cause more lead dissolution.  This was demonstrated by Lin et al. (1997) 
based on their abiotic lead corrosion study.  (NOTE:  Tables and figures appear at the end 
of each chapter.) 
Second, AOB and NOB may become directly involved in lead corrosion by 
providing an alternative electron acceptor (nitrite or nitrate) for the oxidative dissolution 
of lead (Figure 1.2). This is possible because lead oxidation using nitrite is 
thermodynamically more favorable than using oxygen (or H+ under anoxic conditions) 
(Table 1.1).  Nitrate is also a good electron acceptor under anoxic conditions.   
The reactions between lead and nitrite/nitrate (Table 1.1, reactions 1.9 and 1.10) 
were indeed found to occur in chemical reactors containing ammonium, nitrate and lead 
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pellets, which were designed for removing concentrated nitrate from wastewater (Uchida 
and Okuwaki 1998; 1999; Uchida, et al. 1999).  Uchida and Okuwaki (1998) also 
suggested that lead oxidation can occur in the presence of nitrite through the following 
reaction: 
 NO2- + 3Pb + 5H2O  NH3 + 3Pb2+ + 7OH- (1.6) 
However, precipitation of basic lead salts and formation of an oxide layer on the 
surface of lead was also observed, due to consumption of protons during lead oxidation 
(Table 1.1, reactions 1.9 and 1.10).  Because the precipitation inhibited further reduction 
of nitrite and nitrate by lead, the researchers had to remove the oxide layer via in situ 
abrasion of the lead plate by buffing (Uchida and Okuwaki, 1999).  No previous studies 
have investigated whether these reactions can also take place under conditions that are 
directly relevant to a water distribution system.  Theoretically, the conditions in nitrifying 
distribution systems are more favorable because the reactions are stimulated by acidic 
conditions, which could be provided by AOB.  Additionally, the removal of protons 
according to reactions 1.9 and 1.10 benefits AOB because their activity is negatively 
affected by a lower pH.  Taken together, AOB produce both the nitrite and protons 
needed for lead corrosion, and lead corrosion in turn removes protons, thereby facilitating 
growth of AOB.  Such coupled relationships may eventually result in accelerated 
corrosion of lead in water distribution systems. 
Third, there is a possibility that development of non-uniform biofilms on the pipe 
surface by AOB, NOB, and other aerobic bacteria present in the system may lead to the 
formation of differential aeration cells, i.e., areas below the respiring colonies that are 
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depleted of oxygen relative to the surrounding non-colonized areas (Borenstein, 1994). 
Having different oxygen concentrations at two locations on a metal causes a difference in 
electrical potential and consequently corrosion currents.  As a result, areas below the 
respiring biofilm become anodic while the surrounding areas become catholic. 
1.5 Scope for this Thesis 
The research described in this thesis was part of a larger project funded by the 
Environ Corporation, the overall objective of which was to evaluate the potential effect of 
nitrification on lead corrosion.  The project was divided into two parts, one of which was 
addressed by a former Clemson University Master of Science student, Michael Shade, 
and the other part by the author of this Master of Science thesis.  In order to place the 
context of this thesis into perspective, a summary of Shade’s results are presented below.   
Shade (2008) demonstrated that 2 mM (28 ppm as N) nitrate or nitrite 
significantly increased lead corrosion.  Nitrate served as an electron acceptor in the 
corrosion process.  Lead corrosion occurred concurrently with the disappearance of 
nitrate and formation of nitrite.  Reduction of nitrite was not quantified despite increased 
lead corrosion.  Lead corrosion, arising from abiotic denitrification, was greater for aged 
coupons than for freshly cleaned coupons in the presence of nitrate.  The presence of an 
acidic environment also significantly increased lead corrosion.  When nitrifying bacteria 
were allowed to grow, lead corrosion factors (the presence of nitrite and an acidic 
environment) developed.  Increased lead corrosion occurred in the presence of ammonia 
bio-oxidation to nitrite.  Lead corrosion was higher for aged coupons than freshly cleaned 
coupons in biotic treatments.  This suggested that the primary cause of lead corrosion for 
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biotic treatments with a freshly cleaned coupon was the development of an acidic 
environment while biotic treatments with an aged coupon were susceptible to 
development of an acidic environment and abiotic denitrification of nitrite. 
 Shade (2008) also showed that under biotic conditions, total lead concentrations 
were significantly reduced for orthophosphate, pH control, and zinc orthophosphate 
treatments.  pH control showed the greatest reduction in lead corrosion (86.9%).  Zinc 
orthophosphate inhibited the growth of nitrifying bacteria and reduced total lead 
concentrations by 56.2%.  Orthophosphate reduced total lead concentrations by 30.1%.  
Orthophosphate and alkalinity treatments also reduced total lead concentrations under 
abiotic conditions. 
Lastly, Shade (2008) showed that chloramine doses as low as 0.10 mg/L Cl2 
effectively inhibited ammonia bio-oxidation to nitrite when added to an AOB culture 
growing in a defined medium.  Chloramine doses of 0.10 or 0.25 mg/L Cl2 were not 
inhibitory when added to an AOB culture following four days of growth in a defined 
mineral medium, in the absence of chloramine.  Chloramine doses as low as 0.10 mg/L 
Cl2 effectively inhibited ammonia bio-oxidation to nitrite when added to an AOB culture 
growing in tap water, when the chloramine was added immediately or following eight 
days of growth in tap water in the absence of chloramine. 
Shade’s work left several key questions unanswered, including:   
1) What is the effect of nitrate and nitrite on lead corrosion in tap water?  Since 
Shade (2008) observed increased corrosion in tap water when 28 ppm (as N) of nitrate or 
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nitrite were added, it was important to determine if lower concentrations have the same 
impact (e.g., at 2 ppm as N );  
2) What is the effect of dissolved oxygen on lead corrosion?  All of Shade’s 
experiments were performed on the bench top, thereby ensuring that oxygen was present.  
Although aerobic conditions are common for most water distribution systems, it is 
possible for anaerobic conditions to develop (e.g., below biofilms).  It was, therefore, 
important to determine if the effects of nitrate and nitrite on lead corrosion extended to 
anaerobic conditions; and  
3)  What components of tap water contribute the most to inhibition of lead 
corrosion? Shade (2008) showed the potential for orthophosphate, pH control, and zinc 
orthophosphate to control lead corrosion.  Other components of tap water may also 
inhibit lead corrosion.  According to analysis of tap water in the Rich Laboratory by 
inductively coupled plasma (ICP) (Table 3.4), it was found that bicarbonate, calcium, 
chloride and sulfate were the major components in the tap water. Therefore, these 
selected factors were evaluated as a part of this thesis, at different concentrations.  It 
should be noted that the tap water used was from a distribution systems that uses 
chlorination alone; it does not employ chloramination.  Residual chlorine levels were not 
measured prior to performing the tests.     
The next chapter lists the research objectives, which were designed to answer the 
questions raised above.  Chapter 3 describes the materials and methods, including the 
experimental designs used.  Results are presented in Chapter 4, in the same sequence as 
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the objectives.  Chapter 5 presents a discussion of the results, especially in relation to 
previous studies.  Chapter 6 the Appendices provide supporting data for Chapters 3 and 4.   
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Table 1.1. Thermodynamics of various lead oxidation reactions. 
   Reaction 
No.       Type 
∆Gº′ 
(kJ/rxn) 
∆Ga 
(kJ/rxn) 
(1.7)     Pb + ½O2 + 2H+  Pb2+ + H2O                                              -183.3 -228.6 
(1.8)     Pb + 2H+  Pb2+ + H2                                                             +54.0 -27.4 
(1.9)     Pb + (2/3)NO2- + (8/3)H+  Pb2+ + (1/3) N2 + (4/3)H2O   -208.4 -255.8 
(1.10)   Pb + NO3- + 2H+  Pb2+ + NO2- + H2O                                 -108.1 -155.3 
a
 Calculated under conditions relevant to drinking water systems: [Pb2+] = 1 ppb, [NO2--N] 
= 1 ppm, [NO3--N] = 1 ppm, PO2=0.2 atm, PN2=0.8 atm, PH2=10-6 atm.  (Source:  
personal communication, Dr. Yanru Yang). 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1. Eh-pH diagram for N-Pb-H2O system (25ºC). aPb=10-4; aN=0.1; PN2= 1 atm; 
PO2=1atm; PH2= 1 atm.  (Uchida and Okuwaki, 1998) 
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Figure 1.2. Direct involvement of AOB in lead corrosion by providing an alternative 
electron acceptor, nitrite 
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2．RESEARCH OBJECTIVES 
 
The main objectives of this research were: 
1)  To examine the effect of low concentrations of nitrate and nitrite (2 ppm as N) on 
lead corrosion in tap water; 
2)  To investigate the extent of abiotic lead corrosion under anaerobic and aerobic 
conditions;  
3)  To evaluate selected components (bicarbonate, sulfate, chloride and calcium) in 
tap water on reducing abiotic lead corrosion. 
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3.  MATERIALS AND METHODS 
3.1  Experimental Design  
The experimental design consisted of three sets of experiments that addressed 
each of the objectives.  Each experiment is described below.  The parameters that were 
varied included the type of liquid used (distilled deionized (DDI) water, tap water, or 
synthetic water), the type of incubation conditions (on the bench top or in an anaerobic 
glove box), addition of nitrate or nitrite, biotic generation of nitrite by addition of 
ammonia and ammonia-oxidizing bacteria, and addition of ions commonly found in tap 
water (bicarbonate, sulfate, chloride and calcium).     
3.1.1 Experiment I  
The design for Experiment I is shown in Table 3.1, all treatments were incubated 
under aerobic condition.  (NOTE:  Tables and figures appear at the end of each chapter.)  
The purpose of treatments 1 and 2 was to compare the corrosivity of tap water to DDI 
water.  Treatments 3 and 4, which included the addition of nitrate and nitrite, respectively, 
made it possible to evaluate the corrosivity of tap water with these inorganic forms of 
nitrogen added.  The nitrate concentration tested was below the MCL; nitrite was higher.  
However, by using a nitrite level equal to that of nitrate, it permitted a direct comparison 
of the effect of these two forms of nitrogen.  Treatment 5 utilized biotic formation of 
nitrite via ammonia oxidation by Nitrosomonas europa, thereby permitting a comparison 
to chemical addition of nitrite that was not formed biotically (i.e., treatment 4).  As 
reported by Shade (2008), the biotic treatment also included the addition of spent media 
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to the reaction vial, since it was not possible to wash the N. europa cells prior to 
inoculation.  Shade (2008) addressed the effect of spent media on lead corrosion by 
comparing an abiotic treatment containing spent media with one that did not contain 
spent media.  In general, the presence of spent media increased the extent of lead 
corrosion with fresh coupons, which were the type used in this study.  Controls with only 
spent media were not repeated in this thesis.    
3.1.2 Experiment II 
The design for Experiment II is shown in Table 3.2.  All treatments were prepared 
with autoclaved DDI water.  The two main types of treatments were based on the method 
of incubation.  With treatments 1-3, the reactors were incubated in an anaerobic glove 
box for the purpose of excluding dissolved oxygen.  The other set of treatments (4-6), the 
reactors were incubated on the bench top, with the water in equilibrium with room air and, 
therefore (presumptively), saturated with oxygen.  Treatment 1 served as a control, i.e., 
nothing was added to the reactors.  Comparison of treatments 2 and 3 to 1 afforded an 
opportunity to determine the effect of nitrate and nitrite, respectively, at initial 
concentrations of 1, 2, 5 and 10 ppm (as N), incubated in the glove box. Similarly, 
treatments 5 and 6 were compared to treatment 4 in order to determine the effect of 
nitrate and nitrite incubated on the bench top.  As mentioned above, these levels of nitrate 
are at or below the MCL, while the nitrite levels are at or above the MCL.  By using a 
nitrite level equal to that of nitrate, it permitted a direct comparison of the effect of these 
two forms of nitrogen.     
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3.1.3 Experiment III 
The design for Experiment III is shown in Table 3.3. The intent of this experiment 
was to evaluate the effect of various ions (bicarbonate, sulfate, chloride, and calcium) on 
abiotic lead corrosion.  All reactors were incubated on the bench top, i.e., under aerobic 
conditions.  Treatment 1 served as a control, i.e., no additions were made; it was the same 
as treatment 4 in Table 3.2. Treatment 2 contained all of the ions, at concentrations 
reported by Rushing and Edwards (2004) for synthetic tap water. The synthetic water 
contained 82 mg/L CaCl2·2H2O, 89.6 mg/L CaSO4·2H2O and 84.1 mg/L NaHCO3.3H2O 
(Dudi, 2004; Rushing and Edwards, 2004). This recipe has been successfully used in 
previous research to simulate the corrosivity of Potomac River water based on typical 
levels of hardness, alkalinity, sulfate and chloride (Rushing and Edwards, 2004). 
Treatments 3-6 evaluated each ion individually, at a low and high concentration.  
Treatment 7 contained only tap water; it was the same as treatment 7 in Table 3.2.  The 
components of tap water in the Rich Laboratory were analyzed by ICP, and are shown in 
Table 3.4. 
At the conclusion of the incubation period for Experiment III, the lead coupon 
surfaces were analyzed by scanning electron microscopy equipped (SEM) with energy 
dispersive X-ray spectroscopy (EDS). 
3.2 Experimental Setup 
All experiments were performed in reactors consisting of 50 mL polyethylene 
sterile centrifuge tubes (VWR).  All experiments were run in triplicates or quadruplicates. 
Each tube had a final liquid volume of 30 mL. Lead sheets were cut into 1.3 cm square 
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coupons.  The surfaces of the coupons were cleaned before introduction to the reactors, as 
follows.  They were scrubbed with 400 grit sandpaper, boiled in 1% acetic acid (v/v) for 
5 min, cooled to room temperature, and rinsed with DDI water several times.  The lead 
coupons were added after adding all other amendments to the reactors.  Reactors 
incubated on the bench top were continuously agitated on a shaker table set at 100 RPM.  
DDI water, tap water and synthetic tap water were autoclaved for 20 min at 121°C, 
followed by 5 min of slow exhaust.   
All the treatments in Experiment I, III and nine treatments in Experiment II were 
performed under aerobic conditions. One treatment in Experiment II was performed 
under anaerobic conditions and the other eight treatments under anoxic conditions. In this 
thesis, anoxic conditions are defined as the absence of oxygen with the presence of nitrite 
or nitrate, which can serve as electron acceptors.  Anaerobic conditions are defined as the 
absence of oxygen, nitrate and nitrite.  Both anoxic and anaerobic conditions were 
created by preparing the treatments in an anaerobic glove box, which contained an 
atmosphere of approximately 95% N2 and 5% H2.  Treatments labeled as aerobic were 
incubated on the bench top and were presumed to be saturated with dissolved oxygen, 
although oxygen was not measured during the experiments.   
The procedures that were specific to each experiment are described below.   
3.2.1 Experiment I 
Nitrate was added to treatment 3 using an autoclaved stock solution of sodium 
nitrate.  Nitrite was added to treatment 4 using a filter sterilized (0.2 µm PTFE, 13 mm, 
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Acrodisc) stock solution of sodium nitrite.  Oxidation of sodium nitrite at high 
temperature necessitated filter sterilization.    
For treatment 5, Nitrosomonas europaea Winogradsky (ATCC 19718) was grown 
as described in section 3.4.  Growth was considered complete when all of the ammonia 
was consumed.  At that point, 0.6 mL (2% v/v) was used to inoculate the lead coupon 
reactors.  Additional ammonia was not added to the reactors; any further growth that 
occurred in the reactors was a result of ammonia carried over with the spent media, 
although this was not quantified. The original intent with this treatment was to add only 
cells, i.e., by centrifuging the culture, forming a pellet, washing the pellet, and then 
adding only the pellet.  However, despite repeated attempts, it was not possible to obtain 
a pellet; the low growth yield contributed to this problem.  Consequently, to achieve 
inoculation, it was necessary to add the culture in the spent media.  As mentioned above, 
Shade (2008) addressed the issue of the extent to which spent media influenced lead 
corrosion.   
3.2.2 Experiment II 
 Nitrate and nitrite were added to reactors in the same manner described for 
Experiment I.  Reactors in the glove box were agitated daily by hand, since it was not 
feasible to place a shaker table inside the glove box.  The glove box had an atmosphere of 
approximately 95% N2 and 5% H2.    
 For treatments that were incubated in the glove box (1-3, 7-9; Table 3.2), the DDI 
water and the tap water was deoxygenated prior to adding it to the reactors.  
Deoxygenation was accomplished by placing the water in a flask and connecting the flask 
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to the house vacuum for approximately 40 min, while the water was continuously stirred 
with a stir bar.   
3.2.3 Experiment III 
 Stock solutions of sodium bicarbonate, calcium chloride, sodium sulfate, and 
sodium chloride were prepared and autoclaved before addition to the reactors. Sodium 
nitrate and sodium nitrite were prepared and added to the reactors in the same manner as 
described for Experiment I. 
3.3  Chemicals 
 High purity nitric acid (Pb < 1 ppt) and sodium carbonate (99.5%) were obtained 
from EMD. Sodium nitrate (99%) was obtained from Fisher. Calcium chloride dihydrate 
(ACS reagent grade), sodium chloride (99.0%) and sodium sulfate (99.0%) were obtained 
from J.T. Baker. Sodium nitrite (97%), ammonium chloride (99.9%), acetic acid (99.7%) 
and sodium bicarbonate (99.99%) were obtained from Mallinckrodt Chemicals. Lead 
sheets (98-100%) were obtained from AMES Metal Products Company through 
McMaster-Carr. All other chemicals were ACS reagent grade or equivalent. 
DDI water was produced by passing distilled water through a MILLPORE 
purification system.  The specific conductance of the water was less than 5.5×10-6 S·m-1. 
There are four column filters in this water purification system: ion exchange, ion 
exchange, organic, ion exchange. Tap water was gathered from the L. G. Rich 
Environmental Research Laboratory. It had an alkalinity of 14 mg/L as CaCO3.  The 
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composition of ions in the tap water is shown in Table 3.4.  Nitrate, nitrite, and phosphate 
were below detection levels.  
3.4 Bacterial Strain, Cultivation, and Generation of Spent Media 
 Nitrosomonas europaea (ATCC 19718) was used as a model AOB for biotic 
experiments. Nitrosomonas species are thought to be the most prevalent AOB in potable 
water distribution systems in which nitrification episodes occurred (Lieu et al., 1993; 
Regan et al., 2003). The growth media used is shown in Table 3.5.  In addition to a buffer 
and trace metals, it contains 100 mM ammonium.  One vial (1 mL) of frozen culture, 
stored at -80°C was added to a 500 mL autoclaved glass bottle containing 100 mL of 
growth media.  The glass bottle was then closed with a screw top cap and allowed to 
grow in the dark for 14 days, without agitation.   
 The pH of the media was monitored by addition of 6 mg/L of phenol red.  Media 
was considered “spent” and ready for addition to the reactors (Experiment 1, treatment 5; 
Table 3.1) when the color changed from red to orange (i.e., when the pH decreased below 
8.0, due to the oxidation of ammonia to nitrous acid).   
The tap water employed in these experiments had an alkalinity of 14 mg/L as 
CaCO3.  After adding the spent media containing the N. europaea inoculum, the 
alkalinity increased to 32 mg/L as CaCO3.  According to Shade (2008), carry-over of 
phenol red into treatments from addition of spent media did not affect measurement of 
any of the parameters evaluated, including lead, ammonia, nitrite, nitrate, chloride, 
sulfate, and pH. 
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3.5 Sampling Procedures 
 Samples for analysis of total lead were collected by first shaking the reactors 
gently for ten seconds to achieve uniform distribution.  Next, approximately 500 µL was 
withdrawn with an Eppendorf pipet and transferred to a 50 mL polypropylene screw top 
microcentrifuge tubes (with screw caps); the actual amount removed was determined 
gravimetrically.  Nitric acid (50 µL) was added to the centrifuge tube in order to dissolve 
the insoluble lead; the total sample was determined gravimetrically.  All samples were 
diluted in preparation for analysis by atomic adsorption spectroscopy (AA), using 1% 
nitric acid.  Flame AA was used for lead samples with concentrations between 1 to 100 
ppm, and graphite AA was used for samples between 5-100 ppb. 
 Samples for nitrite and nitrate were collected at the same time as for lead analysis 
(although on a less frequent basis).  Approximately 800 µL was withdrawn with an 
Eppendorf pipet and transferred to a 2 mL standard-opening screw thread glass vials.  An 
aliquot was then filtered (a 0.2 µm PTFE syringe filter, Acrodisc) into a sample vial for 
the ion chromatograph.   
 Samples for pH were collected at the same time as for lead analysis (although on 
a less frequent basis).  Approximately 500 µL was withdrawn with an Eppendorf pipet 
and transferred to a 2 mL VWR University Microcentrifuge Tube.  A pH probe was 
inserted directly into the microcentrifuge tube.   
 The total volume of sample removed from the reactor was replaced with the liquid 
used in that treatment (i.e., DDI water, tap water, or synthetic water).   
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3.6 Analytical Methods 
 Lead measurements were performed on a Perkin Elmer 5000 Atomic Adsorption 
(AA) Spectrophotometer according to Standard Methods Procedure 3500A (Clesceri et 
al., 1998). For samples in the range of 2-100 ppm, flame AA was used.  For samples in 
the range of 5-100 ppb, the graphite furnace AA was used.  Representative calibration 
curves are shown Appendix A-1and A-2.   
 pH measurements were performed with a Symphony pH meter (VWR) using a 
glass combination pH electrode 14002-850. 
 Nitrite, nitrate, chloride, sulfate measurements were performed using a Dionex 
AS50 Ion Chromatograph with an AS9-HC analytical column (Dimensions 4 × 250 mm, 
Bead Diameter 9.0 µm), AG9-HC guard column ( 4 × 50 mm, 9.0 µm), and an ASRS-
Ultra 4-mm suppressor. Sample calibration curves and chromatograms are shown in 
Appendix A-3 and A-4.  
 The surface structure of corrosive lead coupons were examined by SEM 3400 at 
the Electronic Microscopy Facility at Clemson University. It is equipped with an Oxford 
INCA EDS to explore the surface component of lead coupon.  
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Table 3.1 Design for Experiment #1 
Treatment Liquid Incubation NO3- NO2- NH3 Cells HCO3- SO42- Cl- Ca2+ Na+ 
1 autoclaved 
DDI Water 
bench top no no no no no no no no no 
2 autoclaved tap 
water 
bench top no no no no 
17.6 
ppm 
3.4 ppm 
1.27 
ppm 
2.45 
ppm 
10.3 
ppm 
3 autoclaved tap 
water 
bench top 2 ppma no no no 
17.6 
ppm 
3.4 ppm 
1.27 
ppm 
2.45 
ppm 
13.6 
ppm 
4 autoclaved tap 
water 
bench top no 2 ppma no no 
17.6 
ppm 
3.4 ppm 
1.27 
ppm 
2.45 
ppm 
13.6 
ppm 
5 autoclaved tap 
water 
bench top no no yes yes 
17.6 
ppm 
3.4 ppm 
1.27 
ppm 
2.45 
ppm 
12.1 
ppm 
a
 as N 
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Table 3.2 Design for Experiment #2 
Treatment Liquid Incubation NO3
-a
 NO2
-a
 NH3 Cells HCO3
-
 SO4
2-
 Cl
-
 Ca
2+
 Na
+
 
1 autoclaved DDI glove box no no no no no no no no no 
2a autoclaved DDI glove box 1 ppm no no no no no no no no 
2b autoclaved DDI glove box 2 ppm no no no no no no no no 
2c autoclaved DDI glove box 5 ppm no no no no no no no no 
2d autoclaved DDI glove box 10 ppm no no no no no no no no 
3a autoclaved DDI glove box no 1 ppm no no no no no no no 
3b autoclaved DDI glove box no 2 ppm no no no no no no no 
3c autoclaved DDI glove box no 5 ppm no no no no no no no 
3d autoclaved DDI glove box no 10 ppm no no no no no no no 
4 autoclaved DDI bench top no no no no no no no no no 
5a autoclaved DDI bench top 1 ppm no no no no no no no no 
5b autoclaved DDI bench top 2 ppm no no no no no no no no 
5c autoclaved DDI bench top 5 ppm no no no no no no no no 
5d autoclaved DDI bench top 10 ppm no no no no no no no no 
6a autoclaved DDI bench top no 1 ppm no no no no no no no 
6b autoclaved DDI bench top no 2 ppm no no no no no no no 
6c autoclaved DDI bench top no 5 ppm no no no no no no no 
6d autoclaved DDI  bench op no 10 ppm no no no no no no no 
a
 as N 
27
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Table 3.3 Design for Experiment #3 
Treatment Liquid Incubation NO3- NO2
-
 
NH3 Cells HCO3- SO42- Cl- Ca2+ Na+ 
1 autoclaved DDI bench top no no no no no no no no no 
2 synthetic 
water* 
bench top no no no no 61.6 ppm 50.3 ppm 40 ppm 40.4 ppm 23 ppm 
3a autoclaved DDI bench top no no no no 11.6 ppm no no no 4.4 ppm 
3b autoclaved DDI bench top no no no no 63 ppm no no no 23.8 
ppm 
4a autoclaved DDI bench top no no no no no 5.4 ppm no no 2.6 ppm 
4b autoclaved DDI bench top no no no no no 48.7 ppm no no 23.3 
ppm 
5a autoclaved DDI bench top no no no no no no 4.9 ppm no 3.2 ppm 
5b autoclaved DDI bench top no no no no no no 40 ppm no 25.9 
ppm 
6a autoclaved DDI bench top no no no no no no 9.3 ppm 5 ppm no 
6b autoclaved DDI bench top no no no no no no 71.5 
ppm 
40 ppm no 
7 autoclaved Tap 
Water 
bench top no no no no 17.6 ppm 3.4 ppm 1.3 ppm 2.4 ppm 10.3 
ppm 
a
 Synthetic water composition: CaCl2·2H20, 82 mg/L; CaSO4·2H2O, 89.6 mg/L; NaHCO3, 84.1 mg/L (Dudi, 2004).   
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Table 3.4 Components of Tap Water, DDI Water and Synthetic Water 
 
Tap Water #1 Tap Water #2 Synthetic Water DDI Water 
As < 0.005b < 0.002 < 0.004 < -0.011 
Cd 0.001 0.001 0.002 0.002 
Se < -0.008 < -0.023 < -0.021 < 0.013 
Al < 0.001 < 0.002 0.026 < -0.000 
B 0.013 0.013 0.113 < -0.006 
Ca > 2.412c > 2.496 > 40.515 0.165 
Cr 0.001 < 0.000 0.001 0.001 
Cu 0.013 0.015 0.001 <-0.003 
Fe 0.006 0.007 0 < 0.000 
K 1.627 1.636 0.09 0 
Mg 0.843 0.854 0.064 < 0.000 
Mn 0.001 0.001 0.001 < 0.000 
Mo < 0.003 < 0.002 < 0.001 < -0.001 
Na 10.256 10.274 > 23.146 < -0.005 
Ni < 0.003 < -0.000 < 0.002 < 0.001 
P 0.08 0.083 0.022 < 0.005 
Pb < 0.002 < 0.008 < -0.000 < 0.006 
S > 2.809 > 2.789 > 16.988 < 0.003 
Zn < 0.001 < 0.001 < 0.002 < -0.000 
a  All values in ppm.  Analysis was performed by the Clemson University Agricultural 
Services Laboratory (January 7, 2008) using inductively coupled plasma atomic 
emission spectroscopy.  
b
  “<” indicates the value was below the detection level shown. 
c  
“>” indicates the value was above the highest standard used.  
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Table 3.5 Compos ion of media used to grow Nitrosomonas europaea Winogradskya 
Compound Concentration 
(NH4)2SO4 50 mM 
K2HPO4 13 mM 
NaH2PO4 2 mM 
Na2CO3 2 mM 
CaCl2·2H2O 200 µM 
MgCl2 200 µM 
CuCl2 200 µM 
Fe-EDTA 200 µM 
Phenol Red (pH dye) 6 mg/L 
a Adapted from Barmey et al. (2004) 
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4.  RESULTS 
4.1  Experiment I 
 Experiment I consisted of five treatments: 1) DDI water; 2) tap water; 3) addition 
of 2 ppm (as N) nitrate to tap water; 4) addition of 2 ppm (as N) nitrite to tap water; and 5) 
a biotic treatment in tap water. Figure 4.1a shows the total lead concentration for each 
during 62 days of incubation. The lead concentration in the DDI blank reached the 
highest level after 21 days of incubation and then leveled off, followed by the 2 ppm  (as 
N) nitrite treatment, the biotic treatment, the 2 ppm (as N) nitrate treatment, and tap water.  
The pH throughout the experimental period is shown in Figure 4.1b. (NOTE:  
Tables and figures appear at the end of each chapter.)  For comparison purposes, the pH 
of the DDI water used in Experiments 2 and 3 was 4.5±0.5.  The decrease in pH in the 
biotic treatment during the first 21 days is consistent with ammonia oxidation to nitrite by 
the AOB.  The lack of any further decrease in pH beyond day 21 suggested that no 
further nitrification occurred.  In contrast, the pH in the abiotic treatments increased for 
the first 21 days.  The pH in the 2 ppm nitrite treatment reached the highest level by day 
21, followed by the 2 ppm nitrate treatment and tap water.  An increase in pH was 
expected based on the oxidation of Pb and subsequent reduction of the nitrite and nitrate.  
With nitrate and nitrite, the pH did not change substantially between days 21 and 62, 
while there was a decrease in the tap water treatment between days 40 and 62.   
Final lead concentrations for Experiment I are summarized in Figure 4.2. Pb 
concentrations were highest in DDI water, followed by the 2 ppm nitrite treatment added 
to tap water, the biotic treatment, and the 2 ppm nitrate treatment added to tap water.  
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Unamended tap water had the lowest Pb level.  These results show that addition of nitrite 
and nitrate to tap water increased Pb corrosion, and that biologically generated nitrite did 
not result in an increased level of Pb compared to direct addition of nitrite.   
4.2 Experiment II 
The intent of Experiment II was to explore how the concentration of nitrite and 
nitrate affects the extent of abiotic Pb corrosion, since Experiment I covered only one 
concentration (i.e., 2 ppm as N).  In addition, experiments were performed inside a glove 
box to simulate anaerobic conditions, as well as on the bench top (as in Experiment I).  A 
total of 18 treatments were evaluated (Table 3.2).  pH measurements were not made.  
However, it should be noted that the pH of the DDI water (at the start of the incubation) 
was 4.5±0.5.    
4.2.1   Nitrate Treatment under Anaerobic Conditions 
Under anaerobic conditions, addition of nitrate to DDI water increased the extent 
of Pb corrosion at all concentrations during 31 days of incubation (Figure 4.3a).  The 
increase was most pronounced at 2, 5 and 10 ppm (as N), with no statistically significant 
differences among these treatments (one-way ANOVA, α=0.05).  The pattern of increase 
was not uniform: Following a nearly linear increase in Pb over the first 13 days (yielding 
an average rate of 3.88±0.25 ppm/d), the rate of corrosion accelerated over the next 4 
days (13.8±1.1 ppm/d), then returned to a slower rate of corrosion for the duration of the 
incubation (1.93±0.27 ppm/d).  The reason for this trend is not known; it may be a 
surface area limitation.  For the 1 ppm (as N) treatment, the Pb level began to rise above 
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the treatment without nitrate added on day 24 but did not become statistically higher than 
the control until day 31 (Student’s t-test, α=0.05).     
Nitrite concentrations increased throughout the experimental period in the 2, 5, 
and 10 ppm (as N) treatments (Figure 4.3b), providing evidence for abiotic reduction of 
nitrate to nitrite.  The amount of nitrite formed ranged from 5% to 12% of the nitrate 
added.  In the treatment with 1 ppm nitrate added, nitrite was not detected.  Losses of 
nitrate were calculated based on the mass of nitrate added at time zero and the amount of 
nitrate + nitrite remaining after 31 days of incubation.  On a percentage basis, losses of 
nitrate ranged from 22% to 44%.  The cause of these losses is not known.  However, 
further reduction of nitrite to ammonia is one possibility (Murphy, 1991);  ammonia 
levels were not measured.  
4.2.2   Nitrite Treatment under Anaerobic Conditions 
Under anaerobic conditions, addition of nitrite to DDI water had a different effect 
than addition of nitrate.  As shown in Figure 4.4a, Pb levels remained low and close to 
those of the control (no nitrite added) through the first 24 days of incubation.  In the 
treatment with 10 ppm nitrite added, Pb levels increased by 35% over the control at the 
end of the incubation period.  The treatments with 1, 2, and 5 ppm (as N) nitrite added 
were either equivalent to the control or, at the last incubation point, were significantly 
lower in total Pb (one-way ANOVA, α=0.05 and Tukey’s test).  The final Pb levels (< 14 
ppm) in all treatments were approximately one order of magnitude lower than with nitrate 
added (~ 140 ppm) (Figure 4.3a).  However, the significance of the last sampling point 
should be interpreted with caution, due to the sharp rise in only two of the treatments.    
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Nitrite concentrations decreased by 34-43% during the experimental period 
(Figure 4.4b), indicative of abiotic nitrite reduction. The mass loss of N was directly 
proportional to the initial nitrite concentration. Decreases in nitrite in the 1, 2, and 5 ppm 
(as N) nitrite treatments did not result in increased Pb corrosion, while decreases in the 10 
ppm (as N) nitrite treatment did correlate with increased Pb corrosion (Figure 4.4a).  As 
indicated above, the loss in nitrite was not accounted for, although reduction to ammonia 
is one possibility.   
4.2.3   Nitrate Treatment under Aerobic Condition 
Under aerobic conditions (i.e., incubation performed on the bench top), addition 
of 1, 2, 5 and 10 ppm (as N) nitrate did not significantly increase the extent of Pb 
corrosion in comparison to the control without nitrate added (Figure 4.5a).  At the final 
sampling event on day 31, the average Pb level in the treatment with 2 ppm (as N) nitrate 
added was below the other treatments; however, the difference was not statistically 
significant (one-way ANOVA, α=0.05).  The pattern of corrosion was different in 
comparison to anaerobic conditions (Figure 4.3a), i.e., there was a high initial rate, 
followed by a more gradual, nearly linear rate of increase.  The reason for this difference 
is not known.   
Nitrate concentrations decreased throughout the experimental period (Figure 4.5b). 
In the treatments with 5 ppm and 10 ppm (as N) nitrate added, nitrite was identified as 
one of the products of denitrification, but not in the treatments with 1 and 2 ppm (as N) 
nitrate added.  Nitrite in these treatments may have been below the method detection 
limit of 50 ppb.  Decreases in nitrate ranged from 2.2-11.8%, due to nitrite formation and 
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losses, perhaps due to formation of ammonia (Murphy, 1991). The extent of abiotic 
denitrification of nitrate was proportional to the initial nitrate concentration, ranging from 
2% of the initial nitrite for the 1 ppm (as N) treatment to 11.8% for the 10 ppm (as N) 
treatment.  
4.2.4   Nitrite Treatment under Aerobic Condition 
Under aerobic conditions, addition of nitrite had no effect on the extent of Pb 
corrosion during 31 days of incubation (Figure 4.6a).  There was no statistically 
significant difference among the final Pb levels (one-way ANOVA, α=0.05).  The initial 
rate of increase in Pb was 15.1±0.4 ppm/d, followed by a slower rate of increase from 
day 6 through 31 (5.6±0.8 ppm/d). 
Nitrite concentrations decreased for both the control and treatments throughout 
the experimental period (Figure 4.6b), ranging from 2.2-12%. However, the decreases in 
nitrite did not have an impact on lead corrosion (Figure 4.6a). 
4.2.5   Comparisons among Treatments 
To facilitate an evaluation of the effect of nitrate and nitrite on Pb corrosion in 
DDI water under anaerobic conditions, the results from Figures 4.3a and 4.4a were 
replotted in Figure 4.7.  Each panel includes the result for the control without nitrate or 
nitrite added.  At all of the concentrations evaluated, addition of nitrate resulted in 
significantly more corrosion than nitrite.  The extent of increase in Pb with nitrate added 
ranged from 3.5 to 15.9 times above the control, while Pb levels with nitrite added were 
either equivalent or lower than results for the control.   
  
36 
 
To facilitate an evaluation of the effect of nitrate and nitrite on Pb corrosion in 
DDI water under aerobic conditions, the results from Figures 4.5a and 4.6a were re-
plotted in Figure 4.8.  Unlike anaerobic conditions, there was no effect of nitrite or nitrate 
on the rate or extent of Pb corrosion under aerobic conditions, at any of the 
concentrations examined.  Although there are detectable differences in the averages, 
these differences are not statistically significant (one-way ANOVA, α=0.05).   
To facilitate an evaluation of the effect of incubation conditions on Pb corrosion 
when nitrate was added to DDI water, the results from Figures 4.3a and 4.5a were re-
plotted in Figure 4.9.  Each panel includes the result for the controls without nitrate added.  
The initial rate of Pb corrosion was consistently faster under aerobic conditions (i.e., 
bench top incubation).  Addition of nitrate under aerobic conditions had no effect except 
at 10 ppm (as N); the added nitrate decreased the initial rate of Pb accumulation, although 
the final extent of corrosion was the same.  Under anaerobic conditions, corrosion was 
initially inhibited.  With time, however, the extent of corrosion increased, such that at the 
end of the incubation period, an equivalent amount of corrosion occurred in the anaerobic 
treatments with 2, 5 and 10 ppm (as N) of nitrate added.  The anaerobic control without 
nitrate caused the least amount of Pb corrosion.    
To facilitate an evaluation of the effect of incubation conditions on Pb corrosion 
when nitrite was added to DDI water, the results from Figures 4.4a and 4.6a were re-
plotted in Figure 4.10.  Each panel includes the result for the controls without nitrite 
added.  The initial rate of Pb corrosion was the same under aerobic and anaerobic 
conditions. Addition of nitrite under aerobic conditions had no effect except at 5 ppm (as 
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N); the added nitrite increased the extent of Pb accumulation by approximately 33%.  
Under anaerobic conditions, corrosion was inhibited.  Unlike nitrate, addition of nitrite 
did not increase the extent of Pb corrosion above the DDI water control, even after 31 
days of incubation.   
Figure 4.11a presents a summary of the extent of Pb corrosion for Experiment II.  
The treatment falls generally into two categories: 1) those with a level of corrosion equal 
to or below the anaerobic control with no nitrate or nitrite added, including the anaerobic 
treatments with nitrite added and the anaerobic treatment with 1 ppm (as N) nitrate added; 
and 2) those with a level of corrosion significantly higher than the anaerobic control with 
no nitrate or nitrite added, including all of the treatments incubated under aerobic 
conditions.  It is noteworthy that addition of nitrate or nitrite under aerobic conditions did 
not significantly alter the final extent of Pb corrosion.   
In general, the initial rate of Pb accumulation (ppm Pb/d) correlated with the 
extent of Pb accumulation (Figure 4.11b).  The initial rates were consistently highest 
under aerobic conditions.  In the anaerobic treatments with 2, 5 and 10 ppm (as N) nitrate, 
the final extent of Pb corrosion was similar to aerobic conditions; however, the initial 
rates were approximately 50% lower.  This is reflected in the “S-shaped” curves of 
Figure 4.3a, i.e., a slow initial rate was followed by a faster intermediate rate, so that the 
final extent of Pb accumulation was similar.   
4.3 Experiment III 
One of the notable results from Experiment I was the very low level of Pb 
corrosion that occurred in tap water (Figures 4.1a, 4.2).  This was in spite of the fact that 
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the incubation occurred under aerobic conditions, which generally resulted in much 
higher levels of corrosion than anaerobic conditions (Figure 4.11b).  The intent of 
Experiment III was to explore which components of the tap water contributed the most to 
inhibition of Pb corrosion.  Incubations were performed on the bench top, with varying 
levels of bicarbonate, sulfate, chloride, calcium, and sodium present, for a total of seven 
treatments (Table 3.3).  Results for lead levels are shown first, followed by SEM 
equipped with EDS analysis of the coupons for four of the treatments.  pH measurements 
were not made as a function of time.  However, the initial pH of the DDI water was 
4.5±0.5; 6.5±0.5 for the tap water. 
4.3.1   Lead Corrosion Results 
Results for Experiment III are presented in Figures 4.12 and 4.13.  For 
comparison purposes, Pb accumulation in the control with only DDI water is shown in all 
of the panels.  Consistent with Experiment I (Figures 4.1a and 4.2), very little Pb 
corrosion occurred in the treatment with tap water (Figure 4.12a), even with the longer 
incubation period used for Experiment III.  The results for synthetic water were similar.  
Addition of 63 ppm of bicarbonate (as NaHCO3) to DDI water was also effective at 
preventing Pb corrosion, while addition of only 11.6 ppm bicarbonate was not (Figure 
4.12b).  Addition of 40.3 ppm calcium (along with 71.5 ppm Cl-) reduced Pb 
accumulation compared to the lower calcium dose and the DDI control (Figure 4.12c), 
although not to the same extent as tap water, synthetic water, and 63 ppm bicarbonate.  A 
high dose of sulfate (48.7 ppm) also accomplished a modest amount of lower Pb 
corrosion (Figure 4.13a), to a similar extent as the higher dose of calcium.  The highest 
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dose of chloride tested (48.7 ppm), added as NaCl, increased the final extent of Pb 
corrosion, while the lower dose of chloride yielded slightly less Pb (Figure 4.13b).   
The extent of Pb accumulation for all treatments is summarized in Figure 4.14, as 
a function of incubation times of 27, 35 and 47 days.  At all incubation times, the lowest 
level of Pb corrosion occurred in the treatments with tap water, synthetic water, and a 
high level of bicarbonate.  The next lowest level of corrosion occurred with the higher 
level of calcium added, although this treatment was 8-10 times higher than the tap water.  
High sulfate and high chloride reduced Pb accumulation compared to the DDI control at 
the three incubation times shown in Figure 4.14 (one-way ANOVA, α=0.05 and Tukey’s 
test).  Average Pb concentrations for the low chloride treatment were consistently higher 
than the DDI water, although the differences were not statistically significant (one-way 
ANOVA, α=0.05).  Based on these results, it is most likely that the bicarbonate present in 
the synthetic water (61.6 ppm) was mainly responsible for preventing Pb corrosion, since 
this bicarbonate level was very close to the concentration present in the 63 ppm treatment.  
The high sulfate and calcium in the synthetic water may have contributed to reduced 
corrosion, although bicarbonate was likely the anion most responsible.   
4.3.2   SEM and EDS Results 
To gain a better understanding of the process of lead corrosion, an analysis of the 
lead coupon surfaces was performed for four treatments (DDI blank, low sulfate, high 
sulfate and synthetic water) after 47 days of incubation. Surface structures and 
component analysis of the lead coupons were conducted with a SEM equipped with EDS. 
This approach is useful for identifying elements of interest with respect to lead corrosion. 
  
40 
 
The SEM for the DDI water control indicates the film on the lead coupon was 
relatively smooth, i.e., “sheet-like” precipitation was observed on the surface, most of 
which appears as white and without complicated structures (Figure 4.15a).  The element 
characterization function of EDS is based on the ionization and absorption spectrum of 
the outer electrons.  In the range of 0-20 eV, each element has an identical peak.  With 
lead, for example, characteristic peaks occur at 2.2 (referred to as the M line) and 10.5 eV 
(referred to as the L line).  Figure 4.15b shows that the white compound covering the 
surface of the coupon is composed of carbon, oxygen and lead. Figure 4.15c shows that 
the element composition of the black area on the coupon includes carbon, oxygen, lead 
and bromine (may be a contaminant from the pretreatment process).  In both low sulfate 
and high sulfate treatments (Figures 4.16 and 4.17, respectively), the presence of sulfate 
ions did not interfere with film formation and sulfate ions did not precipitate to form lead 
sulfate on the surface.  Figure 4.16a shows that a “particle-like” precipitation formed on 
the surface of the lead coupon for the low sulfate treatment.  EDS for the white portion of 
the surface indicated a composition of carbon, oxygen, silicon and lead (Figure 4.16b), 
while the black portion consisted of oxygen, silicon and lead (Figure 4.16c). For high 
sulfate treatment, a “net-like” precipitation formed on the surface of the lead coupon 
(Figure 4.17a). EDS analysis indicates the compounds covering the surface contain 
carbon, oxygen and lead (Figure 4.17b, c). For the synthetic water treatment, a “net-like” 
precipitation also formed on the surface of the lead coupon (Figure 4.18a). The elemental 
composition of this precipitation included carbon, oxygen, silicon and lead (Figure 4.18b, 
c). 
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4.4 Summary of Results 
 Experiment I examined the effects of several parameters on lead corrosion, as 
described in sections 4.1-4.2. A summary of these results is shown in Table 4.1. Abiotic 
denitrification of nitrate to nitrite occurred concurrently with lead corrosion in the 
treatment with nitrate added.  Increased lead corrosion occurred in the nitrite treatment 
but abiotic denitrification of nitrite was not quantified.  Lead corrosion was also 
significant under biotic conditions, although this may have been due primarily to a 
decrease in pH resulting from oxidation of ammonia to nitrite. 
 Experiment II examined the effects of nitrate and nitrite on lead corrosion under 
aerobic and anaerobic conditions, respectively. A summary of these results is shown in 
Table 4.2. Under anaerobic conditions, the presence of nitrate significantly increased the 
total lead concentration, and abiotic denitrification of nitrate to nitrite occurred. However, 
nitrite decreased lead corrosion when the concentration was 1-5 ppm; when nitrite was 10 
ppm, it increased the total lead concentration. Under aerobic conditions, nitrate and nitrite 
did not have an effect on lead corrosion. Abiotic denitrification of nitrate to nitrite and 
loss of nitrite occurred concurrently with lead corrosion.   
 Experiment III examined the effects of several factors (cations and anions) as 
described in section 4.3. A summary of these results is shown in Table 4.3. Synthetic 
water and the treatment with a high bicarbonate concentration effectively reduced the 
lead concentration under aerobic conditions, similar to the result for tap water.  In 
contrast, in low chloride and low bicarbonate treatment, although lead concentration in 
the last sample jumped, in the whole view, the trend of total lead increasing in these two 
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treatments did not show significantly different over entire incubation as compared to the 
DDI water control.  Low sulfate, high chloride and calcium were also effective in 
decreasing lead concentrations, although not to the same extent as a high level of 
bicarbonate.  Results for SEM and EDS analysis of the four treatments were consistent 
with the extent of lead corrosion; the “smooth-like” surface (DDI treatment) had the most 
lead corrosion, while the surface with the more “net-like and complicated thick layer” 
(synthetic water treatment) had the least lead leaching.  
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Table 4.1 Summary of Results for Experiment I 
Treatment Parameter Added 
Lead Corrosion in Comparison to 
Tap Water 
DDI, Abiotic  None Increased by 150 mg/L 
Tap Water, Abiotic Control None -  
Tap Water, Abiotic 2 ppm Nitrate Increased by 35 mg/L 
 Tap Water, Abiotic 2 ppm Nitrite Increased by 75 mg/L 
Tap Water, Biotic 2% Spent Media + AOB + Ammonia Increased by 50 mg/L 
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Table 4.2 Summary of Results for Experiment II 
Treatment Parameter Added Lead Corrosion in Comparison to Control 
DDI Blank Control, Anaerobic None -  
DDI Water, Anaerobic 1 ppm Nitrate Increased by 20 mg/L 
DDI Water, Anaerobic 2 ppm Nitrate Increased by 130 mg/L 
DDI Water, Anaerobic 5 ppm Nitrate Increased by 120 mg/L 
DDI Water, Anaerobic 10 ppm Nitrate Increased by 120 mg/L 
DDI Water, Anaerobic 1 ppm Nitrite No Significant Difference 
DDI Water, Anaerobic 2 ppm Nitrite No Significant Difference 
DDI Water, Anaerobic 5 ppm Nitrite No Significant Difference 
DDI Water, Anaerobic 10 ppm Nitrite No Significant Differencea 
DDI Blank Control, Aerobic None -  
DDI Water, Aerobic 1 ppm Nitrate No Significant Difference  
DDI Water, Aerobic 2 ppm Nitrate No Significant Difference  
DDI Water, Aerobic 5 ppm Nitrate No Significant Difference  
DDI Water, Aerobic 10 ppm Nitrate No Significant Difference  
DDI Water, Aerobic 1 ppm Nitrite Increased by 40 mg/L 
DDI Water, Aerobic 2 ppm Nitrite No Significant Difference  
DDI Water, Aerobic 5 ppm Nitrite Increased by 50 mg/L 
DDI Water, Aerobic 10 ppm Nitrite No Significant Difference  
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a
 Slightly higher at the last sampling point, although this trend was questionable.   
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Table 4.3 Summary of Results for Experiment III 
Treatment Parameter Added 
Lead Corrosion in Comparison to 
Control 
DDI Water None -  
DDI Water Bicarbonate, Sulfate, Chloride, Calcium Decreased by 218 mg/L 
DDI Water Low Bicarbonate Increased by 80 mg/L 
DDI Water High Bicarbonate Decreased by 218 mg/L 
DDI Water Low Sulfate Decreased by 20mg/L 
DDI Water High Sulfate Decreased by 90 mg/L 
DDI Water Low Chloride Increased by 100 mg/L 
DDI Water High Chloride Decreased by 70 mg/L 
DDI Water Low Calcium Decreased by 60 mg/L 
DDI Water High Calcium Decreased by 140 mg/L 
Tap Water None Decreased by 210 mg/L 
45
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Figure 4.1. Results for Experiment I based on total Pb (a) and pH (b). Error bars represent one 
standard deviation of triplicates. Numbers in parenthesis in the legend refer to treatment 
numbers in Table 3.1. 
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Figure 4.2. Results for Experiment I, total lead concentration after 62 days of incubation. 
Numbers in parenthesis after the treatment name refer to treatment numbers in Table 3.1. 
Error bars represent one standard deviation of triplicates. 
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Figure 4.3. Results for Experiment II, total Pb of blank and nitrate treatments (a), nitrate with 
generated nitrite concentrations after 31 days incubation (b) in the glove box. Numbers in 
parenthesis after the treatment name refer to treatment numbers in Table 3.2. Error bars 
represent one standard deviation of triplicates. 
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Figure 4.4. Results for Experiment II, for each nitrite treatment, total Pb (a) and nitrite 
concentrations after 31 days incubation (b) in the glove box. Numbers in parenthesis after 
the treatment name refer to treatment numbers in Table 3.2. Error bars represent one 
standard deviation of triplicates. 
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Figure 4.5. Results for Experiment II, total Pb (a) for blank and all nitrate treatments, 
nitrate with generated nitrite concentrations after 31 days incubation (b) on the bench top. 
Numbers in parenthesis after the treatment name refer to treatment numbers in Table 3.2. 
Error bars represent one standard deviation of triplicates. 
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Figure 4.6. Results for Experiment II, for each nitrite treatment, total Pb (a) and nitrite 
concentrations after 31 days incubation (b) on the bench top. Numbers in parenthesis after 
the treatment name refer to treatment numbers in Table 3.2. Error bars represent one 
standard deviation of triplicates. 
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 Figure 4.7. Results for Experiment II, effect of nitrate and nitrite on total Pb under anaerobic 
conditions at concentrations of 1 (a), 2 (b), 5 (c) and 10 (d)  ppm of N. Error bars represent 
one standard deviation of triplicates. 
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Figure 4.8. Results for Experiment II, effect of nitrate and nitrite on total Pb under 
aerobic conditions at concentrations of 1 (a), 2 (b), 5 (c) and 10 (d)  ppm of N. Error bars 
represent one standard deviation of triplicates. 
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Figure 4.9. Results for Experiment II, effect of nitrate on total Pb under aerobic and 
anaerobic conditions at concentrations of 1 (a), 2 (b), 5 (c) and 10 (d)  ppm of N. Error bars 
represent one standard deviation of triplicates. 
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 Figure 4.10. Results for Experiment II, effect of nitrite on total Pb under aerobic and 
anaerobic conditions at concentrations of 1 (a), 2 (b), 5 (c) and 10 (d)  ppm of N. Error bars 
represent one standard deviation of triplicates. 
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Figure 4.11. Results for Experiment II, total Pb after 62 days incubation and initial rate of each treatment. Numbers in 
parenthesis after the treatment name refer to treatment numbers in Table 3.3. Error bars represent one standard deviation of 
triplicates. 
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 Figure 4.12. Results for Experiment III, total Pb of synthetic water treatment, bicarbonate 
treatment, calcium chloride treatment. Numbers in parenthesis after the treatment name refer 
to treatment numbers in Table 3.3. Error bars represent one standard deviation of triplicates. 
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 Figure 4.13. Results for Experiment III, total Pb of sulfate treatment and chloride 
treatment. Numbers in parenthesis after the treatment name refer to treatment numbers in 
Table 3.3. Error bars represent one standard deviation of triplicates. 
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Figure 4.14. Results for Experiment III total Pb for each treatment after 27 (a), 35 (b) and 
47(c) days of incubation. Numbers in parenthesis after the treatment name refer to 
treatment numbers in Table 3.3. Error bars represent one standard deviation of triplicates. 
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a 
b (white point) 
c ( black point) 
Figure 4.15. SEM image of the surface of a lead coupon (a) and component analysis 
for a white portion of the surface (b, indicated by an arrow) and a dark portion of the 
surface (c, indicated by an arrow) for the DDI water treatment in Experiment III, after 
47 days of incubation.   
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Figure 4.16. SEM image of the surface of a lead coupon (a) and component analysis for a 
white portion of the surface (b, indicated by an arrow) and a dark portion of the surface (c, 
indicated by an arrow) for the low sulfate treatment in Experiment III, after 47 days of 
incubation.    
a 
b (white point) 
c (black point) 
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Figure 4.17. SEM image of the surface of a lead coupon (a) and component analysis for a 
white portion of the surface (b, indicated by an arrow) and a dark portion of the surface (c, 
indicated by an arrow) for the high sulfate treatment in Experiment III, after 47 days of 
incubation.   
a 
b (white point) 
c (blank point) 
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Figure 4.18. SEM image of the surface of a lead coupon (a) and component analysis for a 
white portion of the surface (b, indicated by an arrow) and a dark portion of the surface (c, 
indicated by an arrow) for the synthetic water treatment in Experiment III, after 47 days 
of incubation. 
a 
b (white point) 
c (black point) 
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5. DISCUSSION 
 The results of this study demonstrated that the presence of nitrate and nitrite 
increased the aqueous phase concentration of lead, particularly under anaerobic 
conditions.  Increases in lead levels suggest that at least a portion of the lead coupons was 
oxidized to Pb2+, resulting in a loss of electrons.  Furthermore, overall decreases in nitrate 
and nitrite, which included reduction of nitrate to nitrite, suggest that both compounds 
served as electron acceptors.  To confirm the association between lead oxidation and 
nitrate and nitrite reduction, it would be desirable to construct an electron balance.  
However, the information available from this study is not sufficient to do so, for the 
following reasons.  Lead levels in this study included both dissolved lead (presumptively 
Pb2+) and particulate lead (Pb0).  Since Pb2+ levels were not quantified, it is not possible 
to calculate the number of electron equivalents lost based on the increase in lead levels.  
It is also not possible to construct an electron acceptor balance.  While the electron 
equivalents associated with reduction of nitrate to nitrite are apparent (i.e., 2 moles of e-
 per mol of nitrate reduced to nitrite), most of the experiments included “losses” of 
nitrogen, based on an incomplete mass balance.  The fate of the “lost” nitrogen is 
unknown; it likely included reduction products that were not measured, such as nitrogen 
gas and/or ammonia.  Since a different number of electron equivalents are associated with 
different reduction products (e.g., 5 moles of e- per mol of nitrate reduced to N2, versus 8 
moles per mol of nitrate reduced to NH3), it is not possible to calculate all of the electron 
equivalents associated with decreases in nitrate and nitrite.  Additional studies are needed 
to construct a complete electron balance, now that it is known that nitrate and nitrite 
facilitate lead corrosion.    
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In alkaline solutions, high concentrations of nitrate break down pure lead 
passivity and cause pitting (Abd El Rehim and Mohamed, 1998). However, all of the 
testing by Abd El Rehim and Mohamed (1998) was done at pH 13 or greater and at 
nitrate concentrations greater than 140 ppm (as N) nitrate. Thus it relevance to drinking 
water conditions is uncertain.  In contrast, the experiments conducted during this thesis 
are relevant to drinking water conditions, including the evaluation of tap water and 
synthetic water.  Based on the results of Experiment I, the presence of 2 ppm (as N) 
nitrate and nitrite increased lead corrosion compared with tap water. Abiotic 
denitrification of nitrate to nitrite, nitrite to ammonia (as observed by Shade (2008)), and 
increasing pH occurred concurrently with lead corrosion. Thus nitrate and nitrite can 
oxidize lead.  This was shown qualitatively by Uchida and Okuwaki (1998), who used 
sea water rather than tap water.  They provided the following equations to describe the 
process:  
 NO3- + Pb → NO2- + PbO (5.1) 
 NO2- + 3Pb + 2H2O → NH3 + PbO + OH- (5.2) 
 2NO2- + 3Pb + H2O → N2 + 3PbO + 2OH- (5.3) 
Significant lead corrosion occurred in the biotic treatment for Experiment I, using 
freshly cleaned lead coupons.  Lead corrosion in the biotic treatment with a freshly 
cleaned coupon was primarily attributed to the development of a lower pH compared to 
the abiotic treatments (as a result of ammonia bio-oxidation to nitrite), and stayed lower 
through the end of experiment (Figure 4.1b). This result further confirms the hypothesis 
that elevated lead levels might result from the presence of nitrifying bacteria growing on 
the lead surface, as measured by Shade (Shade, 2008) and suggested by Dudi (2004). 
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Lead oxidation (equation 5.2) coupled to nitrite reduction could remove the nitrite 
produced by nitrifying bacteria, regenerating the ammonia and alkalinity required for 
their growth. This could be significant synergistic reaction under some circumstances in 
water systems. Specifically, nitrifying bacteria could derive substantial benefits by 
accelerated corrosion of lead surfaces. 
The MCL for nitrate and nitrite in tap water is 10 ppm and 1 ppm (as N), 
respectively.  The results of this study demonstrated that reduction of nitrate to nitrite 
coupled to lead corrosion is possible.  In two of the experiments, nitrite levels increased 
by more than 1 ppm as N (Figures 4.3b and 4.5b). Thus, it is conceivable that water 
leaving a water treatment plant with nitrite levels below the MCL could have nitrite 
levels above the MCL at the tap under biofilm or around the environment where bacterial 
live, under conditions when lead corrosion results in abiotic reduction of nitrate to nitrite.  
Preventing lead corrosion would, therefore, have the added benefit of minimizing abiotic 
formation of nitrite from nitrate.   
In most of the experiments conducted under aerobic conditions, lead accumulated 
most rapidly in the first 10-14 days, followed by a declining rate of accumulation.  In 
contrast, lead accumulated at a slower initial rate under anaerobic conditions, as shown in 
Figure 4.9.  Oxygen is more thermodynamically favorable than nitrate, as discussed in the 
Introduction (Table 1.1).  At the start of a batch incubation, lead oxidation coupled to 
oxygen reduction was faster than nitrate reduction under anaerobic conditions (Figure 
4.11b).  With time, the lead coupon surface area became limiting as the surface became 
covered by the lead oxidant, thus slowing and eventually stopping the reaction corrosion 
process.  The slower initial rate of lead corrosion under anaerobic conditions may be 
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related to the lower potential of nitrate and nitrite as electron acceptors.  However, the 
rate of anaerobic corrosion often increased later in the incubation (typically between days 
13 and 17) until the total lead released was equivalent to aerobic conditions (Figures 4.3 
and 4.9), resulting in an “S” shaped curve for lead accumulation.  The reason for this 
behavior is not known.  It is of future interest to determine if there are other factors that 
influence the kinetics of lead corrosion under anaerobic conditions. 
In tap water under aerobic conditions (Experiment I), both nitrate and nitrite 
increased lead corrosion (Figure 4.1a).  However, under anaerobic conditions with DDI 
water, the effects of nitrate and nitrite were different.  As discussed above, the presence 
of nitrate increased lead corrosion in treatments incubated in the glove box (Figure 4.3a).  
Under the same conditions, the presence of nitrite (1, 2 and 5 ppm (as N)) inhibited lead 
corrosion in comparison to the DDI water control (Figure 4.4a), although the validity of 
the last sampling point is questionable. Total lead concentration was only above the 
control under anaerobic conditions when the nitrite concentration was 10 ppm (as N). 
This result is contrary to the trend predicted by Uchida and Okuwaki (1998), as shown in 
equations 5.2 and 5.3.  The reason why the lower concentrations of nitrite inhibited lead 
corrosion under anaerobic conditions is not yet known.   
Based on the results of Experiment III, the high bicarbonate, synthetic water and 
tap water treatments significantly inhibited lead corrosion compared with the DDI water 
control (Figure 4.12a, b). The concentrations of bicarbonate were 63 ppm in the high 
bicarbonate treatment, 61 ppm in synthetic tap water, and 60 ppm in the tap water 
treatment.  These levels are typical for many surface waters in the United States USEPA 
(2006) (EPA, 2006). However, in the presence of a low bicarbonate concentration (11 
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ppm, Figure 4.12b), total lead concentration reached 300 ppm after 47 days incubation. 
Based on the results of the SEM and EDS analysis (Figure 4.18), the surface components 
for the lead coupon in contact with synthetic tap water consisted of PbO, PbCO3 and 
other lead bicarbonate complex compounds, forming a low porosity layer (Benjamin et 
al., 1996). The following reactions reported previously (Benjamin et al., 1996) help to 
explain how lead carbonates form a protective layer on the surface and thereby inhibit 
lead corrosion.  
 10 Pb(s) + 8 OH- + 6 CO32- ⇌ Pb10(CO3)6(OH)6O(s) + H2O + 20e-  (5.4) 
 Pb10(CO3)6(OH)6O(s) ⇌ 3Pb3(CO3)2(OH)2(s) + PbO(s) (5.5) 
 3Pb3(CO3)2(OH)2(s) ⇌ 2 PbCO3(s) + H2O  (5.6) 
Dando and Glasson (1989) evaluated precipitation of lead hydroxide, basic lead 
carbonate (Pb10(CO3)6(OH)6O(s)) and lead carbonate (PbCO3).  They found that below pH 
8, the basic carbonate was the initial precipitate formed, which later decomposed through 
a “lead bicarbonate” state to the lead carbonate. And they concluded that the small 
surface areas measured for these solids indicated low porosities and high compactness, 
which resulted in a highly protective layer (Benjamin et al., 1996).  
Thus, the two bicarbonate levels used in this thesis (11 ppm versus 60 ppm) 
yielded very different results in terms of lead corrosion. Future studies are needed to 
determine what bicarbonate level is needed to prevent corrosion, especially if a utility 
needs to add a source of alkalinity. The economic cost of adding alkalinity can be 
substantial.  For example, the cost to increase alkalinity by 1 ppm using caustic soda is 
$186 per million gallons treated (based on a cost of $185/128lb for caustic soda 
(www.essentialdepot.com), calculation is shown in Appendix D).   
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In both low sulfate and high sulfate treatments, the presence of sulfate ions did 
not interfere with the film formation and sulfate ions did not precipitate to form a lead 
sulfate solid on the coupon surface (Figures 4.16 and 4.17), which agrees with the study 
by Beccaria et al. (1981). Pb(II) forms somewhat weaker complexes with sulfate and 
chloride than with carbonate (Benjamin et al., 1996). That may explain why sulfate 
treatments showed a different effect compared with bicarbonate.  
Low chloride slightly increased lead corrosion compared to the DDI water control, 
which agrees with the results of Dudi (2004) and other previous studies (Benjamin et al., 
1996). In contrast, the highest level of chloride evaluated resulted in a decrease in lead 
corrosion (Figure 4.13). Additional studies are needed to determine the concentration of 
chloride at which lead corrosion is inhibited.   
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6. CONCLUSIONS AND RECOMMENDATIONS 
Several conclusions were drawn from this study and are shown below. 
• The presence of nitrate and nitrite increased lead corrosion in tap water.  Abiotic 
denitrification of nitrate to nitrite, reduction of nitrite (presumptively to ammonia), 
and increasing pH occurred concurrently with lead corrosion. The reducing 
products from  nitrite denitrification were not quantified; 
• Significant lead corrosion occurred in the biotic treatment for a freshly cleaned 
lead coupon.  Lead corrosion in the biotic treatment was primarily attributed to 
the development of a lower pH compared to the abiotic treatments (as a result of 
ammonia bio-oxidation to nitrite); the pH stayed lower through the end of 
experiment; 
• Under anaerobic conditions: 
o The presence of nitrate (1 ppm as N) slightly increased lead corrosion; 
o Significant lead corrosion occurred at nitrate concentrations between 2 
ppm  and 10 ppm as N, and total lead concentrations were not significantly 
different after 31 days of incubation; 
o Total lead concentration slightly increased when the nitrite concentration 
was 10 ppm as N; 
o Abiotic denitrification of nitrate to nitrite and nitrite (presumptively to 
ammonia) occurred under both aerobic and anaerobic conditions. Less 
denitrification occurred in aerobic treatments than anaerobic treatments; 
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• Under aerobic conditions, the presence of nitrate and nitrite did not significantly 
increase lead corrosion, and there were no statistically significant differences in 
total lead concentration; 
• High bicarbonate, synthetic water and tap water significantly inhibited lead 
corrosion compared with the DDI water control; 
• High chloride, low sulfate, high sulfate, low calcium and high calcium slightly 
protected lead coupons from corrosion; and 
• Low chloride and low bicarbonate slightly increased lead corrosion compared to 
the DDI water control. 
 
Recommendations for future research include: 
• Measurement of dissolved oxygen: Based on the results of Experiment II, 
compared with anaerobic treatments, total lead concentration in aerobic 
treatments was significantly higher; therefore, dissolved oxygen played an 
important role in lead corrosion. Measurement of dissolved oxygen of each 
sample would provide a better understanding the effect of DO on lead leaching; 
• A study of lead corrosion based on electron balance: Lead corrosion was seen as 
an electron transferring process. Each lead atom as an electron donor provides 
two electron from Pb0 to Pb2+.  For each sample, dissolved lead concentration 
should be measured as well as total lead concentration, to quantify exactly 
donated electrons. Meanwhile, a study of biotic denitrification products as 
electron acceptors should be performed. Nitrate was reduced to nitrite, but what is 
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the reducing product of further nitrification products of nitrite, nitrogen gas, 
ammonia, or other compound? How much of each nitrite reducing product is 
produced? Measurement of di-nitrogen (and perhaps nitric oxide and nitrous 
oxide) could be help to determine a mass balance for the abiotic denitrification of 
nitrite with lead; 
• A study of lead corrosion at additional pH levels: Lead corrosion was significant 
at a pH range of 4.5±0.5 (DDI water treatments) and 6.5±0.5 (tap water 
treatments). Evaluation of corrosion over a range of pH values would better show 
the extent of how low pH increases lead corrosion and how high pH decreases 
lead corrosion.  Also, pH levels should be measured as a function of time, for all 
treatments, due to the importance of pH in corrosion; and 
• Examination of lead corrosion in pipe loop experiment:  Pipe loop studies have 
been employed by DCWASA (USEPA, 2006). Nitrification could be imposed on 
a pipe loop study to better resemble actual drinking water distribution systems and 
further investigation the effect of chloramines on nitrifying bacteria. A pipe loop 
study was designed for the DCWASA and could be used as an example system 
(USEPA, 2004). 
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Appendix A: Calibration Curves and Sample Chromatogram 
 
The purpose of this section is to present representative calibration curves for Pb 
measurement in all three experiments. Pb concentration in ppm level (2-100 ppm) is 
shown in Figure A.1 and ppb (2-100 ppb) level in Figure A.2.  Nitrite and nitrate, which 
are mentioned in section 3.6., were measured by IC. Figure A.3 represents a calibration 
curve for nitrite and Figure A.4 for nitrate. In addition, sample chromatographs are shown 
for nitrite (Figure A.5), and for nitrate (Figure A.6). 
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Figure A.1   Sample calibration curve for lead concentrations (2–100 ppm) by flame AA . 
 
 
 
Figure A.2   Sample calibration curve for lead concentrations (2–100 ppb) by furnace 
graphite AA. 
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Figure A.3   Sample calibration curve for nitrite concentrations (0.5-10.4 ppm) by IC. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.4   Sample calibration curve for nitrate concentrations (0.5-12.5 ppm) by IC. 
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Figure A.5   Sample chromatogram for nitrite measurement by IC. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.6   Sample chromatogram for nitrate measurement by IC. 
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Appendix B: Experimental Data (total lead concentration/ppm) 
 
The purpose of Appendix B is to provide the data used to develop all of the 
figures shown in Chapter 4, including the results for individual reactors.  The title of each 
table includes the figure number for which the data were used.    
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Table B.1   Total lead concentration of DDI water control in Experiment I (These data 
were used for Figure 4.1a) 
Time/Day DDI 1 DDI 2 DDI 3 DDI Ave. DDI Stdev 
0.0 0.2 0.2 1.2 0.5 0.6 
1.2 40.2 27.0 28.4 31.8 7.3 
10.2 109.9 111.9 101.2 107.7 5.7 
15.0 120.8 144.8 108.6 124.7 18.4 
20.0 144.5 169.9 113.8 142.7 28.1 
27.0 142.8 156.2 139.4 146.1 8.9 
34.0 149.4 154.9 120.4 141.6 18.5 
41.0 161.8 167.6 130.4 153.2 20.0 
48.0 142.1 161.4 136.3 146.6 13.1 
55.0 160.0 172.7 128.6 153.8 22.7 
62.0 167.6 173.1 127.2 156.0 25.0 
 
Table B.2   Total lead concentration of tap water treatment and in Experiment I (These 
data were used for Figure 4.1a) 
Time/Day Tap Water 1 
Tap 
Water 2 
Tap 
Water 3 
TW 
Ave 
TW 
Stdev 
0.0 0.2 0.5 0.8 0.5 0.3 
1.2 0.3 0.3 0.7 0.4 0.2 
10.2 0.8 0.9 0.9 0.9 0.1 
15.0 1.6 1.5 2.4 1.8 0.5 
20.0 2.8 3.3 6.8 4.3 2.2 
27.0 3.5 2.3 5.7 3.8 1.7 
34.0 2.9 4.8 7.2 4.9 2.2 
41.0 6.6 8.5 7.6 7.6 1.0 
48.0 7.1 5.5 8.0 6.9 1.2 
55.0 8.3 9.6 8.6 8.8 0.7 
62.0 9.0 5.2 11.7 8.6 3.3 
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Table B.3   Total lead concentration of 2 ppm nitrate treatment in Experiment I (These 
data were used for Figure 4.1a) 
Time/Day 
2 ppm 
Nitrate 
1 
2 ppm 
Nitrate 
2 
2 ppm 
Nitrate 
3 
Ave Stdev 
0.0 0.2 1.2 0.2 0.5 0.6 
1.2 1.4 1.5 1.1 1.4 0.2 
10.2 6.2 10.7 7.7 8.2 2.3 
15.0 7.1 13.1 11.6 10.6 3.1 
20.0 8.1 6.9 13.9 9.7 3.7 
27.0 12.7 19.6 18.4 16.9 3.7 
34.0 16.5 20.4 21.5 19.4 2.6 
41.0 22.3 23.1 23.8 23.1 0.8 
48.0 30.6 25.4 22.3 26.1 4.2 
55.0 29.9 26.1 25.1 27.0 2.5 
62.0 34.7 29.8 25.1 29.8 4.8 
 
 
Table B.4   Total lead concentration of 2 ppm nitrite treatment in Experiment I (These 
data were used for Figure 4.1a) 
Time/Day 
2 ppm 
Nitrite  
1 
2 ppm 
Nitrite 
 2 
2 ppm 
Nitrite  
3 
Average Stdev 
0.0 0.2 0.3 1.7 0.7 0.8 
1.2 1.9 1.8 1.3 1.7 0.4 
10.2 37.1 37.6 36.4 37.0 0.6 
15.0 40.2 30.4 48.6 39.7 9.1 
20.0 49.9 46.3 50.9 49.1 2.4 
27.0 49.4 55.8 62.3 55.8 6.4 
34.0 67.5 59.1 67.8 64.8 5.0 
41.0 77.5 70.2 83.5 77.0 6.7 
48.0 73.7 78.6 81.9 78.1 4.1 
55.0 80.2 77.1 74.7 77.3 2.8 
62.0 91.2 77.6 80.7 83.2 7.1 
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Table B.5   Total lead concentration of biotic treatment in Experiment I (These data were 
used for Figure 4.1a) 
Time/Day 
Bio 
Treatment 
1 
Bio 
Treatment 
2 
Bio 
Treatment 
3  
Average Stdev 
0.0 0.1 0.7 1.3 0.7 0.6 
1.2 0.8 2.7 2.1 1.9 1.0 
10.2 7.0 9.9 9.5 8.8 1.6 
15.0 14.7 10.3 12.0 12.4 2.2 
20.0 19.6 23.3 14.9 19.3 4.2 
27.0 23.7 32.3 27.8 27.9 4.3 
34.0 30.2 28.1 30.4 29.6 1.3 
41.0 28.8 29.3 34.6 30.9 3.2 
48.0 29.0 44.5 45.8 39.8 9.3 
55.0 48.5 54.9 52.4 51.9 3.2 
62.0 68.3 58.1 49.9 58.8 9.2 
 
 
Table B.6   Total lead concentration of DDI blank in Experiment II under anaerobic 
condition (These data were used for Figure 4.3a, 4.4a, 4.7, 4.9 and 4.10) 
  DDI Water 
Time/day 1 2 3 Average Stdev 
0.8 1.2 1.4 0.8 1.1 0.3 
6.0 1.6 1.3 0.7 1.2 0.5 
9.0 2.3 1.3 0.4 1.3 0.9 
13.0 2.2 1.8 0.7 1.6 0.8 
17.0 2.0 1.8 0.4 1.4 0.8 
24.0 2.1 1.7 0.6 1.5 0.8 
31.0 11.0 7.2 8.1 8.8 2.0 
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Table B.7   Total lead concentration of 1 ppm and 2 ppm nitrate treatment in Experiment 
II under anaerobic condition (These data were used for Figure 4.3a, 4.7a,b, and 4.9 a,b) 
  1ppm Nitrate 
 
Time/day 1 2 3 Average Stdev 
     
0.8 0.2 0.0 0.3 0.2 0.2 
     
6.0 0.2 0.0 0.3 0.2 0.1 
     
9.0 0.3 0.0 0.3 0.2 0.2 
     
13.0 0.7 0.6 0.6 0.6 0.1 
     
17.0 1.9 0.1 10.9 4.3 5.8 
     
24.0 14.1 0.1 28.8 14.3 14.3 
     
31.0 33.9 0.0 57.9 30.6 29.1 
     
  2ppm Nitrate 
Time/day 1 2 3 Average Stdev 
0.8 2.4 0.7 4.8 2.6 2.1 
6.0 29.1 30.6 35.2 31.7 3.2 
9.0 39.8 41.6 46.7 42.7 3.6 
13.0 50.8 50.4 58.0 53.0 4.3 
17.0 108.2 117.7 113.7 113.2 4.8 
24.0 132.7 120.3 130.1 127.7 6.5 
31.0 141.4 131.0 145.6 139.3 7.5 
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Table B.8  Total lead concentration of 5 ppm and 10 ppm nitrate treatment in Experiment 
II under anaerobic condition (These data were used for Figure 4.3a, 4.7c,d, and 4.9c,d) 
 
  5ppm Nitrate 
 
Time/day 1 2 3 Average Stdev 
     
0.8 8.2 8.8 12.6 9.9 2.4 
    
6.0 39.3 32.6 32.6 34.8 3.8 
    
9.0 50.0 39.7 42.1 43.9 5.4 
    
13.0 55.6 48.7 49.9 51.4 3.7 
    
17.0 111.2 95.0 104.1 103.4 8.1 
    
24.0 136.5 129.9 112.8 126.4 12.3 
    
31.0 138.9 129.9 112.8 127.2 13.3 
    
  10ppm Nitrate 
Time/day 1 2 3 Average Stdev 
0.8 9.7 9.6 11.5 10.2 1.1 
6.0 29.9 27.9 33.7 30.5 2.9 
9.0 36.8 34.9 41.1 37.6 3.2 
13.0 39.6 40.8 59.9 46.8 11.4 
17.0 97.9 93.4 109.6 100.3 8.4 
24.0 121.7 113.2 119.3 118.1 4.4 
31.0 128.5 133.8 131.8 131.4 2.6 
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Table B.9   Total lead concentration of 1 ppm and 2 ppm nitrite treatment in Experiment 
II under anaerobic condition (These data were used for Figure 4.4a, 4.7a,b, and 4.9a, b) 
 
  1ppmNitrite 
 
Time/day 1 2 3 Average Stdev 
     
0.8 0.2 0.2 0.2 0.2 0.0 
     
6.0 0.8 0.3 0.7 0.6 0.2 
     
9.0 0.4 0.4 0.8 0.5 0.2 
     
13.0 0.8 0.7 1.3 0.9 0.3 
     
17.0 0.5 0.7 1.4 0.9 0.5 
     
24.0 0.8 0.9 1.4 1.0 0.3 
     
31.0 3.2 3.3 4.0 3.5 0.5 
     
  2ppm Nitrite 
Time/day 1 2 3 Average Stdev 
0.8 0.2 0.2 0.1 0.2 0.1 
6.0 0.3 0.5 0.4 0.4 0.1 
9.0 0.7 0.5 0.3 0.5 0.2 
13.0 0.9 1.6 0.6 1.0 0.5 
17.0 0.8 1.0 0.6 0.8 0.2 
24.0 1.0 1.1 2.1 1.4 0.6 
31.0 4.3 3.6 1.0 3.0 1.7 
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Table B.10 Total lead concentration of 5 ppm and 10 ppm nitrite treatment in Experiment 
II under anaerobic condition (These data were used for Figure 4.4a 4.7c,d and 4.9c, d) 
 
  5ppm NO2 
Time/day 1 2 3 Average Stdev 
0.8 0.2 0.2 0.2 0.2 0.0 
6.0 0.8 0.6 0.7 0.7 0.1 
9.0 0.8 0.5 0.7 0.7 0.1 
13.0 1.1 1.1 1.3 1.2 0.1 
17.0 1.2 1.2 1.4 1.3 0.1 
24.0 1.6 1.4 1.6 1.5 0.1 
31.0 4.1 4.1 4.3 4.1 0.2 
 
10ppm NO2 
Time/day 1 2 3 Average Stdev 
0.8 0.2 0.3 0.4 0.3 0.1 
6.0 0.8 0.5 1.0 0.8 0.3 
9.0 0.9 1.1 1.2 1.1 0.1 
13.0 1.6 1.6 1.7 1.6 0.1 
17.0 1.7 1.8 2.1 1.9 0.2 
24.0 2.0 2.3 2.3 2.2 0.2 
31.0 11.0 12.9 11.2 11.7 1.0 
 
Table B.11  Total lead concentration of DDI blank in Experiment II under aerobic 
condition (These data were used for Figure 4.5a, 4.6a, 4.9 and 4.10) 
  DDI 
Time/day 1 2 3 Average Stdev 
0.8 53.3 53.3 16.3 34.8 21.3 
6.0 94.2 88.9 91.4 92.8 2.6 
9.0 102.3 94.4 97.1 99.7 4.0 
13.0 100.9 95.2 103.6 102.3 4.3 
17.0 108.9 108.6 105.8 107.3 1.7 
24.0 134.1 110.2 116.4 125.2 12.4 
31.0 128.6 138.2 124.4 126.5 7.0 
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Table B.12  Total lead concentration of 1 ppm and 2 ppm nitrate treatment in Experiment 
II under aerobic condition (These data were used for Figure 4.5a, 4.8a,b and 4.9a, b) 
  1ppm NO3 
 
Time/day 1 2 3 Average Stdev 
     
0.8 32.5 23.2 27.3 27.7 4.7 
     
6.0 85.3 82.2 85.8 84.4 1.9 
     
9.0 94.3 75.5 89.0 86.2 9.7 
     
13.0 105.8 93.0 86.2 95.0 10.0 
     
17.0 112.8 105.9 102.3 107.0 5.4 
     
24.0 130.1 109.1 104.7 114.7 13.6 
     
31.0 164.8 123.8 121.5 136.7 24.4 
     
 
2ppm NO3 
Time/day 1 2 3 Average Stdev 
0.8 24.3 32.4 24.2 27.0 4.7 
6.0 80.5 91.1 87.1 86.2 5.3 
9.0 94.5 106.6 87.7 96.3 9.6 
13.0 95.3 112.3 83.5 97.0 14.5 
17.0 103.6 123.1 97.8 108.2 13.2 
24.0 107.0 137.1 110.4 118.1 16.5 
31.0 122.4 161.0 125.3 136.3 21.5 
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Table B.13 Total lead concentration of 5 ppm and 10 ppm nitrate treatment in 
Experiment II under aerobic condition (These data were used for Figure 4.5a, 4.8c, d and 
4.9c, d) 
  5ppm Nitrate 
 
Time/day 1 2 3 Average Stdev 
     
0.8 25.6 21.4 21.9 23.0 2.3 
     
6.0 90.0 74.6 90.9 85.2 9.2 
     
9.0 100.5 92.6 102.8 98.6 5.4 
     
13.0 101.1 102.8 100.8 101.5 1.1 
     
17.0 103.4 122.5 126.5 117.5 12.4 
     
24.0 112.7 139.5 139.8 130.7 15.5 
     
31.0 131.4 159.2 124.6 138.4 18.3 
     
  10ppm Nitrate 
Time/day 1 2 3 Average Stdev 
0.8 16.5 14.2 15.8 15.5 1.2 
6.0 53.3 66.5 58.3 59.3 6.7 
9.0 62.2 74.0 65.8 67.3 6.1 
13.0 75.1 85.0 76.5 78.8 5.4 
17.0 95.4 94.4 112.8 100.9 10.3 
24.0 124.1 108.7 112.0 114.9 8.1 
31.0 126.5 113.5 115.3 118.4 7.0 
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Table B.14   Total lead concentration of 1 ppm and 2 ppm nitrite treatment in Experiment 
II under aerobic condition (These data were used for Figure 4.6a, 4.8a, b and 4.10a, b) 
 
  1ppmNitrite 
 
Time/day 1 2 3 Average Stdev 
     
0.8 39.7 38.5 29.7 36.0 5.5 
     
6.0 97.4 91.0 86.0 91.4 5.7 
     
9.0 104.7 100.4 98.6 101.2 3.1 
     
13.0 97.4 104.2 88.6 96.7 7.8 
     
17.0 115.3 114.1 103.7 111.0 6.4 
     
24.0 131.9 126.4 104.7 121.0 14.4 
     
31.0 99.4 150.4 150.7 133.5 29.5 
     
  2ppm Nitrite 
Time/day 1 2 3 Average Stdev 
0.8 29.1 31.4 24.8 28.4 3.3 
6.0 92.3 91.4 97.1 93.6 3.1 
9.0 102.5 103.0 120.5 108.6 10.3 
13.0 99.2 102.7 183.9 128.6 47.9 
17.0 110.0 103.4 193.0 135.5 49.9 
24.0 128.4 125.5 215.3 156.4 51.1 
31.0 139.2 135.1 230.4 168.2 53.9 
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Table B.15  Total lead concentration of 5 ppm and 10 ppm nitrite treatment in 
Experiment II under aerobic condition (These data were used for Figure 4.6a, 4.8c, d and 
4.10c, d) 
  5ppm Nitrite 
 
Time/day 1 2 3 Average Stdev 
     
0.8 40.5 29.6 28.1 32.7 6.7 
     
6.0 91.8 84.7 85.5 87.3 3.9 
     
9.0 97.7 95.2 120.5 104.5 14.0 
     
13.0 89.5 89.6 181.2 120.1 52.9 
     
17.0 119.6 102.5 190.0 137.4 46.4 
     
24.0 112.0 110.3 223.9 148.7 65.1 
     
31.0 160.2 141.0 228.1 176.4 45.7 
     
  10ppm Nitrite 
Time/day 1 2 3 Average Stdev 
0.8 32.9 42.9 41.4 39.1 5.4 
6.0 84.0 85.4 100.3 89.9 9.0 
9.0 75.0 88.4 127.8 97.0 27.5 
13.0 75.3 79.3 85.0 79.9 4.9 
17.0 101.6 123.2 138.2 121.0 18.4 
24.0 87.6 96.0 109.5 97.7 11.0 
31.0 166.5 118.3 156.4 147.0 25.4 
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Table B.16   Total lead concentration of synthetic water treatment and high bicarbonate 
treatment in Experiment III (These data were used for Figure 4.12a and b) 
  Synthetic Water 
 
Time/day 1 2 3 Average Stdev 
     
0.08 0.38 0.14 0.20 0.24 0.12 
     
2 0.23 0.17 0.19 0.19 0.03 
     
4 0.24 0.21 0.27 0.24 0.03 
     
7 0.27 0.24 0.36 0.29 0.06 
     
9 0.30 0.29 0.30 0.30 0.00 
     
27 0.30 0.29 0.30 0.30 0.00 
     
35 1.13 1.13 1.35 1.20 0.13 
     
47 1.67 1.54 2.07 1.76 0.28 
     
  High Bicarbonate 
Time/day 1 2 3 Average Stdev 
0.08 0.25 0.22 0.10 0.19 0.08 
2 0.19 0.19 0.17 0.18 0.01 
4 0.15 0.14 0.16 0.15 0.01 
7 0.18 0.18 0.28 0.21 0.06 
9 0.35 0.19 0.15 0.23 0.11 
27 0.35 0.19 0.15 0.23 0.11 
35 1.18 1.17 1.13 1.16 0.03 
47 2.24 2.15 1.61 2.00 0.34 
 
Table B.17   Total lead concentration of low bicarbonate treatment in Experiment III 
(These data were used for Figure 4.12 b) 
  Low Bicarbonate 
Time/day 1 2 3 Average Stdev 
0.08 10.7 11.2 8.5 10.2 1.4 
2 111.5 124.5 126.8 121.0 8.2 
4 132.3 141.3 146.6 140.1 7.2 
7 168.7 159.9 157.5 162.0 5.9 
9 166.6 173.2 155.7 165.2 8.8 
13 162.3 155.0 139.3 152.2 11.8 
20 172.8 191.3 180.2 181.4 9.3 
27 229.7 238.5 205.5 224.6 17.1 
35 249.7 235.6 235.8 240.4 8.1 
47 309.9 289.7 310.1 303.2 11.7 
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Table B.18   Total lead concentration of high calcium and low calcium treatments in 
Experiment III (These data were used for Figure 4.12c) 
Time  High Calcium Low Calcium 
(Day) 1 2 3 Average Stdev 1 2 3 Average Stdev 
0.08 2.1 3.8 1.7 2.5 1.1 7.5 5.9 6.3 6.5 0.8 
2 6.4 7.4 5.9 6.6 0.7 41.8 39.1 28.4 36.4 7.1 
4 0.0 12.4 8.9 7.1 6.4 73.7 80.3 102.9 85.6 15.3 
7 15.2 14.2 21.8 17.1 4.1 87.5 92.5 116.6 98.9 15.6 
9 23.1 14.9 20.8 19.6 4.2 88.4 116.9 113.4 106.3 15.5 
13 33.4 25.0 28.2 28.9 4.2 112.7 90.1 119.2 107.3 15.3 
20 50.3 42.7 44.6 45.9 4.0 113.4 112.2 122.2 115.9 5.5 
27 53.4 46.1 50.3 49.9 3.7 182.5 141.7 157.3 160.5 20.6 
35 71.3 39.6 52.5 54.5 15.9 174.2 136.4 164.5 158.3 19.7 
47 86.0 69.1 71.0 75.4 9.2 176.2 141.8 167.7 161.9 17.9 
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Table B.19   Total lead concentration of high sulfate and low sulfate treatments in 
Experiment III (These data were used for Figure 4.13a) 
  High Sulfate 
 
Time/day 1 2 3 Average Stdev 
     
0.08 2.4 2.4 2.6 2.5 0.1 
     
2 22.2 25.4 27.9 25.2 2.8 
     
4 52.7 52.1 47.0 50.6 3.1 
     
7 67.9 59.9 42.9 56.9 12.8 
     
9 72.0 69.3 105.1 82.1 19.9 
     
13 64.0 66.3 126.2 85.5 35.3 
     
20 86.2 86.7 136.9 103.3 29.1 
     
27 87.9 95.2 217.6 133.6 72.9 
     
35 95.6 126.2 179.3 133.7 42.4 
     
47 103.0 115.8 178.8 132.5 40.6 
     
  Low Sulfate 
Time/day 1 2 3 Average Stdev 
0.08 4.0 3.3 4.9 4.1 0.8 
2 26.2 45.0 38.4 36.6 9.6 
4 67.1 61.9 71.8 66.9 5.0 
7 80.5 81.7 76.3 79.5 2.9 
9 83.0 100.2 91.7 91.6 8.6 
13 95.9 109.9 81.8 95.9 14.0 
20 138.7 181.7 93.3 137.9 44.2 
27 151.2 174.3 117.6 147.7 28.5 
35 199.3 231.3 150.1 193.6 40.9 
47 184.3 237.3 174.8 198.8 33.7 
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Table B.20   Total lead concentration of high chloride and low chloride treatments in 
Experiment III (These data were used for Figure 4.13b) 
  Low Chloride 
 
Time/day 1 2 3 Average Stdev 
     
0.08 4.3 6.7 5.1 5.4 1.2 
     
2 52.5 42.2 27.3 40.7 12.7 
     
4 90.5 119.2 63.8 91.1 27.7 
     
7 109.7 142.2 94.4 115.4 24.4 
     
9 123.9 198.8 149.2 157.3 38.1 
     
13 103.0 139.5 156.8 133.1 27.4 
     
20 134.6 168.1 202.6 168.5 34.0 
     
27 149.0 215.5 282.6 215.7 66.8 
     
35 192.8 346.3 292.8 277.3 77.9 
     
47 223.7 344.7 398.1 322.2 89.3 
     
  High Chloride 
Time/day 1 2 3 Average Stdev 
0.08 1.9 1.9 1.8 1.9 0.0 
2 23.1 22.5 24.0 23.2 0.7 
4 51.5 45.2 49.1 48.6 3.1 
7 77.8 77.8 96.5 84.0 10.8 
9 85.8 91.8 105.7 94.4 10.2 
13 73.4 85.9 115.3 91.5 21.5 
20 99.2 101.2 133.4 111.2 19.2 
27 142.3 125.5 132.0 133.3 8.4 
35 136.3 188.0 130.9 151.7 31.5 
47 138.8 187.3 138.0 154.7 28.3 
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Table B.21   Total lead concentration of DDI water and tap water treatments in 
Experiment III (These data were used for Figure 4.12a) 
 
  DDI water 
 
Time/day 1 2 3 Average Stdev 
     
0.08 4.5 4.3 5.3 4.7 0.5 
     
2 69.6 30.5 71.3 57.2 23.1 
     
4 95.0 119.5 111.8 108.8 12.5 
     
7 174.8 122.1 148.0 148.3 26.4 
     
9 191.5 125.5 156.3 157.7 33.0 
     
13 191.2 142.9 159.3 164.5 24.5 
     
20 261.6 204.1 245.3 237.0 29.6 
     
27 260.2 134.9 238.7 211.3 67.0 
     
35 250.8 193.8 237.0 227.2 29.7 
     
47 233.4 200.3 238.9 224.2 20.9 
     
  Tap Water 
Time/day 1 2 3 Average Stdev 
0.08 0.2 0.3 0.3 0.3 0.0 
2 0.6 0.3 0.3 0.4 0.1 
4 0.7 0.3 0.6 0.5 0.2 
7 1.2 1.0 0.5 0.9 0.4 
9 1.1 1.1 0.5 0.9 0.3 
13 3.4 1.0 1.3 1.9 1.3 
20 5.0 2.3 2.1 3.1 1.7 
27 6.7 5.0 2.7 4.8 2.0 
35 9.1 5.9 3.5 6.2 2.8 
47 10.1 6.8 7.5 8.1 1.7 
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Appendix C: Statistical Tests (Student’s t-test, ANOVA, Tukey) 
 
The purpose of Appendix C is to provide the statistical tests used to determine 
whether the lead concentration curves of each group in Experiment II (Figure 4.3. to 
Figure 4.6.) and Experiment III (Figure 4.14.) were statistically different.  If the results of 
the ANOVA showed they were statistically different, Tukey’s analysis was performed to 
group the treatments. The title of each table includes the figure number is for which the 
data were used.  
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Table C.1  ANOVA for Experiment II nitrate treatments (2b, 2c, 2d) (Figure 4.3a) under 
anaerobic conditions. Numbers in parenthesis after the treatment name refer to treatment 
numbers in Table 3.2. 
ANOVA  Single Factor 
Source of 
Variation SS df MS F P-value F crit 
Between Groups 91.14986 2 45.57493 0.018597 0.981594 3.554557 
Within Groups 44112.71 18 2450.706 
Total 44203.86 20         
 
 
Table C.2   ANOVA for Experiment II nitrite treatments (3a, 3b, 3c) (Figure 4.4a) under 
anaerobic conditions. Numbers in parenthesis after the treatment name refer to treatment 
numbers in Table 3.2. 
ANOVA Single Factor 
Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 0.476145 2 0.238073 0.187958 0.830255 3.554557 
Within Groups 22.79928 18 1.266627 
Total 23.27543 20         
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Table C.3  ANOVA for Experiment II nitrate treatments (5a, 5b, 5c, 5d) (Figure 4.5a) 
under aerobic conditions. Numbers in parenthesis after the treatment name refer to 
treatment numbers in Table 3.2. 
ANOVA Single Factor 
Source of 
Variation SS df MS F P-value F crit 
Between Groups 4976.66 4 1244.16 1.12977 0.36122 2.68963 
Within Groups 33037.5 30 1101.25 
Total 38014.2 34         
 
 
Table C.4  ANOVA for Experiment II nitrite treatments (6a, 6b, 6c, 6d) (Figure 4.6a) 
under aerobic conditions. Numbers in parenthesis after the treatment name refer to 
treatment numbers in Table 3.2. 
ANOVA Single Factor 
Source of 
Variation SS df MS F P-value F crit 
Between Groups 2926.61 4 731.651 0.4937 0.74038 2.68963 
Within Groups 44459.5 30 1481.98 
Total 47386.1 34         
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EX#3 Lead Concentration after 27 days incubation 
                                                                    
                          Alpha                                   0.05 
                          Error Degrees of Freedom                  22 
                          Error Mean Square                   1443.473 
                          Critical Value of Studentized Range  5.05555 
                          Minimum Significant Difference         110.9 
 
 
                   Means with the same letter are not significantly different. 
 
 
                      Tukey Grouping          Mean       N    group 
 
                                     A                   224.57      3     3a 
                                     A 
                                     A                   215.73      3     5a 
                                     A 
                                     A                   211.27      3     1 
                                     A 
                              B    A                   160.49      3     6a 
                              B    A 
                              B    A                   147.74      3     4a 
                              B    A 
                              B    A                   133.55      3     4b 
                              B    A 
                              B    A                   133.27      3     5b 
                              B 
                              B    C                     49.94      3     6b 
                                     C 
                                     C                       4.78      3     7 
                                     C 
                                     C                       0.30      3     2 
                                     C 
                                     C                       0.23      3     3b 
                         
 
Figure C.1  Tukey Results for total lead concentration after 27 days incubation of all 
treatments in Experiment III. Numbers represented group name (in the column of group) 
refer to treatment numbers in Table 3.3. 
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EX#3 Lead Concentration after 35 days incubation                        
 
 
Alpha                                   0.05 
Error Degrees of Freedom                  22 
Error Mean Square                   1101.871 
Critical Value of Studentized Range  5.05555 
Minimum Significant Difference        96.889 
 
 
                  Means with the same letter are not significantly different. 
 
 
                        Tukey Grouping          Mean      N    group 
 
                                A                          277.30      3    5a 
                                A 
                           B    A                        240.37      3    3a 
                           B    A 
                           B    A    C                  227.21      3    1 
                           B    A    C 
                           B    A    C                  193.58      3    4a 
                           B         C 
                           B         C                   158.34      3    6a 
                           B         C 
                           B         C                    151.73      3    5b 
                                       C 
                                D    C                    133.70      3    4b 
                                D 
                           E   D                            54.48      3    6b 
                           E 
                           E                                    6.16      3    7 
                           E 
                           E                                   1.20      3    2 
                           E 
                           E                                   1.16      3    3b 
 
  
Figure C.2 Tukey Results for total lead concentration after 35 days incubation of all 
treatments in Experiment III. Numbers represented group name (in the column of group) 
refer to treatment numbers in Table 3.3.  
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                           EX#3 Lead Concentration after 47 days incubation                          
 
                      
                             Alpha                                   0.05 
                             Error Degrees of Freedom                  22 
                             Error Mean Square                   1140.113 
                             Critical Value of Studentized Range  5.05555 
                             Minimum Significant Difference        98.556 
 
 
                      Means with the same letter are not significantly different. 
 
 
                         Tukey Grouping          Mean      N    group 
 
                                      A                     322.18      3    5a 
                                      A 
                                      A                     303.23      3    3a 
                                      A 
                                 B    A                    224.24      3    1 
                                 B 
                                 B                           198.81      3    4a 
                                 B 
                                 B    C                     161.93      3    6a 
                                 B    C 
                                 B    C                     154.69      3    5b 
                                 B    C 
                                 B    C                     132.54      3    4b 
                                      C 
                                 D    C                       75.36      3    6b 
                                 D 
                                 D                                8.12      3    7 
                                 D 
                                 D                                2.00      3    3b 
                                 D 
                                 D                                 1.76      3    2 
 
 
Figure C.3 Tukey Results for total lead concentration after 47 days incubation of all 
treatments in Experiment III. Numbers represented group name (in the column of group) 
refer to treatment numbers in Table 3.3. 
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Appendix D: Calculation of Alkalinity Cost 
The purpose of this section is to provide the calculation for the cost to increase 
alkalinity by 1 ppm using caustic soda for one million gallons water (based on a cost of 
$185/128lb for 99% caustic soda (www.essentialdepot.com)) which was discussed in 
Chapter 5. (1 ppm = 1 mg/L) 
 
1

×
10	

50 

 ×
3.78 

× 10  ×
40

×
10	

×
2.22

× 
$185
128
 ×
1
99%
 
 
=
$9.6
10 
 

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